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5)  INTRODUCTION: 


Our  efforts  were  concerned  with  a  general  understanding  of  two  processes  that  are 
important  for  assembly  and  peptidic  signals  needed  for  triggering  of  a  transforming 
receptor  complex.  In  the  assembly  studies  we  determined  the  role  of  sub  domains  of 
the  pl85,u’“  receptor  that  were  needed  to  organize  a  receptor  complex  and  to  permit 
heterodimer  formation  betweeen  pl85  neu  and  the  epidermal  growth  factor  receptor 
(EGFR).  In  the  study  of  peptidic  forms  that  might  modify  receptor  function  we  were 
able  to  clone  an  isoform  of  neuregulin,  and  we  also  evaluated  a  small  exocyclic  peptide 
that  affected  the  transforming  functions  of  pl85. 

6)  BODY: 

There  were  two  general  hypotheses  and  two  tasks  approved  for  study. 

We  hypothesized  that  we  can  better  understand  receptor  assemblies  by  analysis  of  areas 
of  the  subdomain  of  pl85”e“  involved  in  stabilizing  or  forming  the  receptor  complex. 
The  purpose  of  the  first  task  was  to  provide  molecular  understanding  of  heteromer 
formation  fashioned  from  mutant  forms  of  pl85  and  the  EGFR  and  determine  their 
responses  to  recombinant  ligands,  their  growth  and  transforming  properties,  and 
responses  to  anti-receptor  antibodies. 

Initial  studies  performed  (documented  in  Reference  1)  at  the  time  of  the  grant's 
submission  dealt  with  definition  of  many  of  the  molecules  that  became  associated  with 
the  endodomain  of  a  transforming  receptor  complex  built  of  pl85  homomers  or 
pl85/EGFR  heterodimers.  We  were  able  to  show,  as  seen  in  the  accompanying  paper, 
that  a  variety  of  unique  substrates  became  associated  with  distinct  endodomains 
created  by  pl85  homomers  or  pl85/EGFR  heteromers.  Moreover,  through  the  use  of 
pl85  endodomain  mutants  that  lacked  an  active  kinase  domain,  we  noticed  that  many 
substrates  could  still  associate  with  them  after  receiving  trans-phosphorylation  signals 
from  the  associated  EGFR. 

In  the  next  set  of  studies  (Reference  2)  we  developed  a  molecular  and  atomic  level 
understanding  of  the  kinase-kinase  association  mechanism  by  developing  homology 
models  of  the  pl85  and  EGFR  kinase  domains.  We  were  able  to  define  the  surface 
interactions  that  govern  kinase-kinase  associations.  Moreover,  we  found  that  the  auto¬ 
phosphorylation  sites  found  within  the  kinase  domain  itself  most  likely  regulate 
substrate  selection,  thereby  affecting  signal  transduction.  Another  critical  insight  from 
these  efforts  was  the  ready  assembly  of  tetrameric  forms  of  the  receptor  complex. 

We  extended  these  structural  studies  (Reference  3)  to  examine  the  auto  phosphorylation 
sites  that  exist  within  the  kinase  domain  of  neu  in  biochemical  and  molecular  assays  to 
verify  our  modeling  predictions.  Previous  analysis  of  pl85ne"  indicated  that  there  are  at 
least  five  tyrosine  autophosphorylation  sites:  Y882,  Y1028,  Y1143,  Y1226/7,  and  Y1253, 
of  which  Y882  might  be  important  because  of  its  location  in  the  kinase  activity  domain. 
We  specifically  analyzed  the  effect  of  a  Y882F  (phenylalanine  substituted  for  tyrosine  at 
position  882)  mutation  in  the  enzymatic  active  domain.  We  also  deleted  the  carboxyl 
terminal  122  amino  acids  of  the  endodomain  which  contained  three  other 
autophosphorylation  sites  (TAPstop)  and  combined  mutants  of  that  deletion  with 
Y882F  (Y882F/APstop).  Both  in  vitro  and  in  vivo  transformation  assays  showed  that 
substitution  of  tyrosine882  by  phenylalanine  significantly  decreased  the  transforming 
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^  potential  of  activated,  oncogenic  pl85"£“,  although  no  significant  difference  in  the  total 
phospho tyrosine  levels  of  the  mutant  proteins  were  observed. 

To  analyze  mitogenic  signaling  in  response  to  ligand,  the  intracellular  domains  of  pl85 
pl85ne"  and  Y882F  were  fused  with  the  extracellular  domain  of  the  EGF  receptor.  The 
proliferation  of  cells  expressing  these  chimeric  receptors  was  EGF-dependent,  and  cells 
expressing  EGFR/Y882F  chimeric  receptors  were  less  responsive  to  EGF  stimulation 
than  those  expressing  EGFR/neu  receptors.  In  vitro  kinase  assays  demonstrated  that 
abolishing  the  autophosphorylation  site  Y882  diminished  the  enzymatic  tyrosine  kinase 
activity  of  pl85ne“.  These  studies  indicated  that  the  tyrosine882  residue  may  be 
important  for  pl85,ie"-mediated  transformation  by  affecting  the  enzymatic  kinase 
function  of  the  pl85neu  receptor. 

In  the  next  set  of  studies  (Reference  3)  we  examined  how  EGFR  and  pi 85  endodomain 
mutants  interacted  with  an  ectodomain  mutant  form  of  EGFR.  Mutant  Epidermal 
Growth  Factor  Receptor  (AEGFR,  also  referred  to  as  EGFRvIII)  oncoproteins  lack  most 
of  subdomains  I  and  II  of  the  extracellular  region,  a  deletion  which  includes  most  of  the 
first  of  two  cysteine-rich  regions.  AEGFR  oncoproteins  confer  increased  tumorigenicity 
in  vivo  and  are  often  co-expressed  with  full-length  EGFR  in  human  tumors. 

We  expressed  an  ectodomain-derived,  carboxyl-terminal  deletion  mutant  of  the  pl85'5£“ 
oncogene  (T691stop)  in  human  glioblastoma  cells  coexpressing  endogenous  EGFR  and 
activated  AEGFR  oncoproteins  (Reference  4).  The  pl85',ei'  ectodomain  formed 
heterodimers  with  AEGFR  proteins  and  reduced  the  phosphotyrosine  content  of  AEGFR 
monomers.  As  a  consequence  of  T691stop  neu  expression,  cell  proliferation  in 
conditions  of  full  growth  and  reduced  serum  and  anchorage-independent  growth  in 
soft  agar  was  reduced  in  glioblastoma  cells  expressing  either  endogenous  EGFR  alone 
or  coexpressing  EGFR  and  elevated  levels  of  AEGFRs.  T691stop  neu  mutant  receptors 
abrogated  the  dramatic  growth  advantage  conferred  by  AEGFR  in  vivo,  suggesting  that 
physical  associations  primarily  between  subdomains  III  and  IV  of  the  pl85ne"  and  EGFR 
ectodomains  are  sufficient  to  modulate  signaling  from  activated  EGFR  complexes. 

We  also  determined  (Reference  4)  the  consequences  of  disabling  oncogenic  erbB 
receptors  with  this  form  of  endodomain  mutant  of  pl85.  In  these  studies  we  evaluated 
whether  disabling  oncoproteins  of  the  erbB  receptor  family  would  sensitize 
transformed  human  cells  to  the  induction  of  genomic  damage  by  gamma  irradiation. 
Radioresistant  human  tumor  cells  in  which  erbB  receptor  signaling  was  inhibited 
exhibited  increased  growth  arrest  and  apoptosis  in  response  to  DNA  damage. 
Apoptosis  was  observed  after  radiation  in  human  tumor  cells  containing  either  a  wild- 
type  or  mutated  p53  gene  product  and  suggested  that  both  p53-dependent  and 
p53-independent  mechanisms  may  be  responsible  for  the  more  radiosensitive 
phenotype.  Because  cells  exhibiting  increased  radiation-induced  apoptosis  were  also 
capable  of  growth  arrest  in  serum-deprived  conditions  and  in  response  to  DNA 
damage,  apoptotic  cell  death  was  not  induced  simply  as  a  result  of  impaired  growth 
arrest  pathways. 

The  issue  of  subdomains  was  further  studied  (Reference  5).  Contributions  made  by 
various  pl85ne“  subdomains  to  signaling  induced  by  a  heterodimeric  erbB  complex 
were  analyzed.  Co-expression  of  full-length  EGFR  and  oncogenic  pl85ne"  receptors 
resulted  in  an  increased  EGF-induced  phosphotyrosine  content  of  pl85neu,  increased  cell 
proliferation  to  limiting  concentrations  of  EGF,  and  increases  in  both  EGF-induced 
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MAPK  and  phosphatidylinositol  3-kinase  (PI3-kinase)  activation.  Intracellular  domain- 
deleted  pl85f,£’“  receptors  (T691stop  neu)  were  able  to  associate  with  full-length  EGFR 
but  induced  antagonistic  effects  on  EGF-dependent  EGF  receptor  down-regulation,  cell 
proliferation,  and  activation  of  MAPK  and  PI3-kinase  pathways. 

Extracellular  domain-deleted  pl85m’“  forms  failed  to  augment  activation  of  MAPK  and 
PI  3-kinase  in  response  to  EGF.  Association  of  the  EGFR  with  a  carboxyl-terminally 
truncated  pl85"e"  mutant  (TAPstop)  form  did  not  increase  transforming  efficiency  and 
phosphotyrosine  content  of  the  TAPstop  species,  and  proliferation  of  EGFR/TAPstop- 
co-expressing  cells  in  response  to  EGF  was  similar  to  cells  containing  the  EGFR  only. 
We  found  that  the  formation  of  potent  homodimer  assemblies  composed  of  oncogenic 
pl85ne“  requires  the  ectodomains  for  ligand-dependent  physical  association  and  the 
intracellular  domain  contacts  for  efficient  intermolecular  kinase  activation. 

Disabling  pl85  receptor  complexes  was  studied  using  both  monoclonal  antibodies  and 
the  endodomain  pl85  mutant.  We  used  differential  display  to  find  novel  genes  that 
became  expressed  during  phenotype  reversion.  As  shown  in  Reference  6,  we  isolated  a 
325-bp  cDNA  fragment  that,  as  determined  by  Northern  analysis,  was  expressed  at 
higher  levels  in  anti-pl85Mfi!i-treated  tumor  cells  but  not  in  cells  expressing 
internalization  defective  pl85'ie“  receptors.  This  cDNA  fragment  was  identical  to  the 
HIV  tat-binding  protein-1  (TBP1).  TBP1  mRNA  levels  were  found  to  be  elevated  on 
inhibition  of  the  oncogenic  phenotype  of  transformed  cells  expressing  erbB  family 
receptors.  TBP1  overexpression  diminished  cell  proliferation,  reduced  the  ability  of  the 
parental  cells  to  form  colonies  in  vitro,  and  almost  completely  inhibited  transforming 
efficiency  in  athymic  mice  when  stably  expressed  in  human  tumor  cells  containing  erbB 
family  receptors.  Disabling  erbB  tyrosine  kinases  by  antibodies  or  by  trans-inhibition 
represents  an  initial  step  in  triggering  a  TBP1  pathway  which  itself  is  a  negative 
regulator  of  the  26S  proteasome. 

Hypothesis  2:  The  second  hypothesis  linked  to  the  first  involved  the  study  of  erbB  and 
pl85c  neu  function  in  vitro  and  in  vivo  using  ligand  like  molecules.  Previously  we 
isolated  a  Neu  Activating  Factor  (NAF)  and  characterized  it  biochemically  and  in  terms 
of  some  of  its  activities.  We  intended  to  characterize  neu  activating  peptides  in  terms  of 
sequence  and  tissue  distribution. 

In  our  next  set  of  studies  we  began  to  examine  peptidic  ligand  signals  that  modulate 
erbB  function  (Reference  7).  We  showed  that  cytokines,  including  EGF,  are  able  to 
induce  tyrosine  phosphorylation  of  Signal  Regulatory  Proteins  (SIRPs)  that  can  inhibit 
erbB  function.  We  overexpressed  human  SIRPal  in  U87MG  cells  in  order  to  examine 
how  SIRPal  modulates  erbB  signaling  pathways.  Overexpression  of  the  SIRPal  cDNA 
diminished  EGF-induced  phosphoinositide-3-OH  kinase  (PI3-K)  activation  in  U87MG 
cells.  Reduced  EGF-stimulated  activation  of  PI3-K  was  mediated  by  interactions 
between  the  carboxyl  terminus  of  SIRPal  and  the  Src  homology-2  (SH2)-containing 
phosphotyrosine  phosphatase,  SHP2.  Furthermore,  SIRPal -overexpressing  U87MG 
cells  displayed  reduced  cell  migration  and  cell  spreading  that  was  mediated  by 
association  between  SIRPal  and  SHP2.  However,  SIRPal-overexpressing  U87MG 
clonal  derivatives  exhibited  no  differences  in  cell  growth  or  levels  of  mitogen-activated 
protein  kinase  (MAPK)  activation.  These  data  reveal  a  pathway  that  negatively 
regulates  erbB-induced  PI3-K  activation  in  tumor  cells  and  involves  interactions 
between  SHP2  and  tyrosine  phosphorylated  SIRPal. 
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We  also  identified  a  neuregulin  or  NRG-like  gene  using  the  NRG  transmembrane 
primers.  The  level  of  homology  suggested  that  we  have  identified  a  human  NRG-2  or 
NRG-2-like  gene.  Expression  in  the  ATL-2  cell  line  of  our  RT-PCR  fragment  was  97% 
identical  at  the  nucleotide  level  (102/106  nucleotides)  and  100%  identical  (34/34)  at  the 
amino  acid  level  with  the  reported  NRG-2  transmembrane  region.  The  minor 
differences  at  the  nucleotide  level  may  reflect  a  sequencing  artifact,  Taq  polymerase 
infidelity,  a  naturally  occurring  polymorphism  in  the  human  NRG-2  gene,  or  a  possible 
ATL-2-derived  sequence  that  is  distinct  from  NRG-2. 

We  used  this  probe  to  screen  an  oligo-dt  primed  ATL-2  cDNA  library  but  only 
identified  several  false  positives  using  the  transmembrane  domain  as  a  probe.  We  feel 
the  short  length  of  this  probe  (only  100  nucleotides  in  length)  and  the  possible 
promiscuity  of  the  probe  binding  to  any  clone  that  has  transmembrane  spanning 
regions  has  caused  us  to  obtain  inappropriate  clones  in  our  first  round  of  ATL-2  cDNA 
library  screening. 

New  primers  were  designed  that  correspond  exactly  to  conserved  regions  outside  the 
region  encoding  the  transmembrane  domain.  Using  this  renewed  RT-PCR  strategy,  we 
were  able  to  amplify  a  clone,  designated  'SKI',  approximately  1000  nucleotides  in  length 
that  extends  from  the  middle  of  the  immunoglobulin-like  domain  to  just  beyond  the 
transmembrane  region  and  into  the  intracellular  domain  of  the  NRG-2ATL_2  molecule 
from  the  ATL-2  cDNA.  The  SKI  clone  exactly  matched  the  reported  sequence  for  the 
corresponding  region  of  the  NRG-2  sequence  in  the  Genbank  database.  This  suggested 
that  the  NRG-2  ATL„2  molecule  is  an  isoform  of  NRG-2  and  apparently  not  a  new 
neuregulin-related  gene. 

We  created  a  peptidic  form  (Reference  8)  designed  from  an  antibody  reported  to  have 
agonisitc  activities  including  the  induction  of  phosphorylation  of  pi 85  followed  by 
inactivation  of  pl85  function.  We  term  this  peptide  Anti-Her2/Neu  Peptide  (AHNP). 
Treatment  of  human  cancer  cells  expressing  HER2/neu  (either  alone  or  in  combination 
with  the  EGFR)  with  an  AHNP  peptide  derived  from  the  anti-HER2/neu  monoclonal 
antibody  4D5,  resulted  in  increased  inhibition  of  cell  growth  in  vitro  and  in  vivo. 
Levels  of  apoptosis  induced  by  gamma-irradiation  or  doxorubicin  were  enhanced  in 
these  same  cells  in  vitro  by  incubation  with  AHNP.  Short-term  (0-6  h)  AHNP  treatment 
resulted  in  increased  tyrosine  phosphorylation  of  signal-regulatory  proteins 
(SIRPs/SHPS-1)  and  in  differential  binding  of  endogenous  SIRPa  proteins  to  SHP-2, 
suggesting  that  AHNP1  modulated  apoptosis  by  inducing  SIRP/SHPS-1  function.  In 
combination  studies,  treatment  with  doxorubicin  and  AHNP  in  vivo  resulted  in  greater 
inhibition  of  tumor  growth  than  that  observed  with  either  agent  alone. 

Therefore,  ligand-like  small  aromatic  modified  exocyclic  (AME)  peptide  mimetics  of 
anti-receptor  antibodies  modulate  the  response  of  HER2-expressing  cancer  cells  to 
DNA-damaging  agents  and  enhance  the  effects  of  cytotoxic  therapies.  AHNP  peptide 
mimetics,  such  as  AHNP,  represent  an  alternative  way  to  target  erbB  receptor 
oncoproteins. 
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7)  KEY  RESEARCH  ACCOMPLISHMENTS: 

•  Definition  of  the  role  of  subdomains  in  receptor  complex  assembly  and  function. 

•  Determination  of  the  induction  of  a  negative  regulator  of  the  26S  proteasome  as  a 
consequence  of  disabling  of  erbB  function. 

•  Determination  of  a  structural  model  of  kinase  associations  that  favor  the  formation 
of  tetrameric  assemblies. 

•  Isolation  of  a  neuregulin  isoform  that  may  have  peptide  ligand  properties. 

•  Creation  of  a  cyclic  peptide  fashioned  from  an  agonistic  antibody  that  disables  erbB 
complexes. 

8)  REPORTABLE  OUTCOMES: 

A)  Manuscript  list: 

1)  Zhang,  H.T.,  O'Rourke,  D.,  Zhao,  H.,  Murali,  R.,  Mikami,  Y.,  Davis,  J.G.,  Greene,  M.I. 
and  Qian,  X.:  Absence  of  autophosphorylation  site  Y882  in  the  pl85we"  oncogene 
product  correlates  with  a  reduction  of  transforming  potential.  Oncogene,  16:2835-2842, 
1998. 

2)  O'Rourke,  D.,  Kao,  G.D.,  Singh,  N.,  Park,  B.,  Muschel,  R.J.,  Wu,  C.  and  Greene,  M.I.: 
Conversion  of  a  radioresistant  phenotype  to  a  more  sensitive  one  by  disabling  erbB 
receptor  signaling  in  human  cancer  cells.  Proc.  of  the  NatT  Acad,  of  Sci.  (USA), 
95:10842-10847, 1998. 

3)  Qian,  X.,  O’Rourke,  D.M.,  Fei,  Z.,  Zhang,  H.,  Kao,  C.  and  Greene,  M.I.:  Domain- 
specific  interactions  between  the  pl85new  and  epidermal  growth  receptor  kinases 
determine  differential  signaling  outcomes.  Tournal  of  Biological  Chemistry,  274(2):574- 
583, 1999. 

4)  Park,  B.,  O'Rourke,  D.,  Wang,  Q.,  Davis,  J.,  Post,  A.,  Qian,  X.  and  Greene,  M.I.: 
Induction  of  the  Tat-binding  protein-1  accompanies  the  disabling  of  oncogenic  erbB 
receptor  tyrosine  kinases.  Proc.  of  the  Nat'l  Acad,  of  Sci.  (USA),  96:6434-6438, 1999. 

5)  Wu,  C.,  Chen,  Z.,  Ullrich,  A.,  Greene,  M.I.,  O'Rourke,  D.:Inhibition  of  EGFR-mediated 
phosphoinositide-3-OH  (PI3-K)  signaling  and  glioblastoma  phenotype  by  Signal- 
Regulatory  Proteins  (SIRPs).  Oncogene,  accepted,  2000. 

6)  Park,  B.W.,  Berezov,  A.,  Wu,  C.W.,  Zhang,  X.,  Dua,  R.,  Zhang,  H.T.,  Wang,  Q.,  Kao, 
G.,  O'Rourke,  D.,  Greene,  M.I.  and  Murali,  R.:  Rationally  designed  anti-HER2/neu 
peptide  mimetic  disables  pl85HER2/neu  tyrosine  kinases  in  vitro  and  in  vivo.  Nature 
(Biotechnology),  18: 194-198, 2000 

B)  Thesis:  Chih-Ching  Kao  received  Ph.  D.  UNIVERISTY  OF  PENNSYLVANIA.  Thesis 
title:  Studies  of  the  interaction  of  novel  forms  of  the  pl85c"neu  receptor  domain 

C)  Presentations:  Presentation  at  the  Era  of  Hope  Army  meeting  in  Atlanta,  Georgia 
2000  -  Receptor  ensembles  in  transformation 

D)  Patent  for  the  AHNP  mimetic  and  irradiation  -  submitted 

E)  Development  of  the  AHNP  peptides  and  the  HER2/neu  endodomain  mutant  cell 
lines 
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9)  CONCLUSIONS: 

We  have  made  significant  progress  in  understanding  the  roles  of  the  subdomains  of  the 
endodomain  of  pl85nra.  It  is  clear  from  our  work  that  the  assembly  of  erbB  homomeric 
and  heteromeric  complexes  able  to  transform  human  breast  tumors  involves  multiple 
subdomain  interactions  and  likely  is  mediated  through  tetrameric  erbB  polypeptides. 
Furthermore,  we  have  shown  that  disabling  erbB  complexes  involves  activation  of 
regulators  of  the  26S  proteasome.  Other  pathways  triggered  by  disabling  erbB  include 
the  SIRP  pathways  that  inhibit  PI3  kinase  function  and  lead  to  phenotype  reversal. 

In  addition  we  have  created  a  novel  ligand-like  peptide  which  was  fashioned  from  the 
HERCEPTIN  antibody's  three-dimensional  structure.  The  AHNP  peptide  may  have 
clinical  utility. 
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ABSTRACT 

The  functional  consequences  of  heterodimer  formation  between  the  epidermal  growth  factor  receptor  (EGFr) 
and  the  pl85c'"e"  receptor  tyrosine  kinase  include  increased  mitogenic  and  transformation  potencies.  To  de¬ 
termine  the  possible  alteration  of  signal  transduction  pathways  resulting  from  this  heteromeric  complex,  the 
capacity  of  several  signaling  proteins  to  associate  with  the  heterodimeric  receptors  has  been  assayed.  The  in 
vivo  interaction  with  the  EGFr/pl85c'nc"  heterodimer  of  several  signal  transduction  proteins,  including  phos¬ 
pholipase  C-yl  (PLC-yl),  the  p85  subunit  of  phosphotidylinositol  3-kinase,  the  ras  GTPase  activating  pro¬ 
tein,  SHC,  NCK,  p72RAF,  and  the  tyrosine  phosphatase  SHPTP2,  was  measured  by  coimmunoprecipitation. 
The  binding  of  these  signaling  proteins  to  a  complex  composed  of  EGFr  and  a  kinase-inactive  form  of  pl85 
(pl85K757M)  was  not  impaired,  even  though  the  mitogenic  and  transformation  activity  of  this  complex  had 
been  abrogated.  In  addition,  the  EGF-induced  phosphorylation  of  GAP,  p85,  and  PLC-yl  did  not  correlate 
with  the  dominant-negative  action  of  pl85K757M  on  EGFr  function.  Thus,  substrate  association  and  phos¬ 
phorylation  do  not  correlate  stringently  with  the  mitogenic  and  transforming  activity  of  this  receptor  com¬ 
plex,  suggesting  additional  pathways  or  mechanisms  vital  to  EGFr/pl85c'"e“  heterodimeric  signaling. 


INTRODUCTION 

Receptor  tyrosine  kinases  transmit  signals  resulting  from 
polypeptide  ligand  binding  by  the  phosphorylation  and  ac¬ 
tivation  of  cellular  proteins.  Two  prototypic  type  I  transmem¬ 
brane  receptors,  the  epidermal  growth  factor  receptor  (EGFr)  and 
the  product  of  the  rat  c-neu  or  the  human  c-erbB-2  gene 
(pl85c'"c“/c  criB'2)  affect  signal  transduction  mechanisms  by  li¬ 
gand-induced  receptor  oligomerization,  which  results  in  the 
activation  of  the  intrinsic  tyrosine  kinase  and  receptor  autophos¬ 
phorylation  (Weiner  et  al.,  1989a, b;  Ullrich  and  Schlessinger, 
1990).  This  ligand-induced  mechanism  has  been  deregulated  in 
the  oncogenic  pl85"f"  protein  as  a  result  of  a  point  mutation  in 
the  transmembrane  region  leading  to  constitutive  oligomeriza¬ 
tion,  enzymatic  activation,  and  cellular  transformation 
(Bargmann  and  Weinberg,  1988;  Weiner  et  al.,  1989a, b). 

The  overexpression  of  the  human  c-erbB-2  protein  has  been 
observed  in  a  large  number  of  human  adenocarcinomas  (in¬ 
cluding  breast,  ovarian,  stomach,  pancreatic,  and  bladder)  and 
correlates  with  a  poor  clinical  prognosis  (Slamon  et  al.,  1987). 


The  hypothesis  that  human  c-erbB-2  gene  amplification  and 
protein  overexpression  causes  cellular  transformation  by  re¬ 
ceptor  oligomerization  and  subsequent  tyrosine  kinase  activa¬ 
tion  in  a  ligand-independent  manner  has  been  confirmed  ex¬ 
perimentally  (Di  Fiore  et  al.,  1987;  Chazin  et  al.,  1992;  LeVea 
et  al.,  1993;  Samanta  et  al.,  1994). 

A  third  mechanism  for  cellular  transformation  by  type  I 
growth  factor  receptors  results  from  the  hetero-oligomeric  in¬ 
teraction  of  two  different  receptor  proteins  (EGFr  and 
pl85c'”e“).  Expression  of  moderately  high  levels  of  EGFr  and 
pi  85  proteins  together  in  rat  fibroblasts  led  to  enhanced  acti¬ 
vation  of  the  receptor  tyrosine  kinase  complex  (Qian  et  al., 
1992),  enhanced  proliferative  response  to  EGF  (Wada  et  al., 
1990),  and  transformation  of  fibroblasts  in  the  absence  of  ex¬ 
ogenously  added  growth  factor  (Kokai  et  al.,  1989).  The  crit¬ 
ical  role  for  EGFr/pl85  heteroreceptor  interactions  in  signal 
transduction  has  been  shown  in  two  ways:  (i)  the  inhibition 
of  transformation  by  down-modulation  of  either  receptor  pro¬ 
tein  by  monoclonal  antibodies  (Wada  et  al.,  1989);  (ii)  the 
loss  of  EGF-induced  responses  in  cells  that  express  kinase- 
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deficient  forms  of  pi 85  (Qian  et  al.,  1994a,b).  The  regulation 
of  receptor  kinase  function  by  hetero-receptor  interactions  has 
been  suggested  to  be  a  general  mechanism  by  which  signal 
transduction  pathways  are  modulated  in  different  differentia¬ 
tion,  growth,  and  transformation  circumstances  (for  review, 
see  Dougall  et  al.,  1994;  Lemmon  and  Schlessinger,  1994; 
Heldin,  1995). 

Receptor  tyrosine  kinase  signaling  is  initially  mediated  by  a 
number  of  tyrosine  kinase  substrates  containing  Src  homology 
2  (SH2)  domains  including  phospholipase  C-y  (PLC-y),  phos- 
phatidylinositol-3  kinase,  GTPase  activating  protein,  SHPTP-2 
tyrosine  phosphatase,  and  the  JAK/STAT  proteins  (van  der 
Geer  et  al.,  1994;  Marshall,  1995).  In  addition,  the  activation 
of  the  ras  pathway  by  receptor  tyrosine  kinases  leads  to  the  reg¬ 
ulation  of  serine/threonine  protein  cascades  including  Raf  and 
the  MAP  kinase  (MAPK)  pathway  (for  review,  see  Johnson  and 
Vallaincourt,  1994).  The  specificity  of  the  growth  factor  sig¬ 
naling  can  thus  be  mediated  at  several  levels;  the  initial  ligand 
signal;  the  relative  expression  and  hetero-interaction  of  growth 
factor  receptors;  the  relative  strength  or  duration  of  substrate 
activation;  and/or  the  availability  of  cellular  substrates  re¬ 
sponding  to  this  signal. 

A  central  question  in  attempting  to  understand  how  hetero¬ 
receptors  (such  as  the  EGFr  and  pi 85  tyrosine  kinases)  medi¬ 
ate  enhanced  and/or  altered  signaling  pathways  is  to  determine 
which  cellular  substrates  couple  with  the  receptor  complex. 
Recent  evidence  has  suggested  the  importance  of  cross-phos¬ 
phorylation  of  associated  receptor  proteins  as  a  mechanism  for 
enhanced  signal  transduction  (Soltoff  et  al.,  1994;  Qian  et  al., 
1995).  The  dominant  negative  effect  of  a  kinase-inactive 
pl85c-nc«  mutant  protein  on  EGFr  function  suggests  that  nor¬ 
mal  signal  pathways  have  been  disrupted  (Qian  et  al.,  1994a, b). 
In  the  present  study  we  have  utilized  the  interaction  of  the  ki¬ 
nase-inactive  pl85  protein  (pl85K757M)  with  the  wild-type 
EGFr  as  a  model  system  to  determine  the  efficiency  of  sub¬ 
strate  association  with  the  heterodimeric  complex.  These  results 
indicate  that  although  EGF-induced  functions  (including  mito- 
genesis)  were  abrogated  in  these  cells,  the  association  and  phos¬ 
phorylation  of  several  cellular  signaling  molecules  with  the 
pl85/EGFr  heterodimer  still  operates  efficiently  in  an  EGF-de- 
pendent  fashion. 

MATERIALS  AND  METHODS 

Cell-lines  and  antibodies 

NR6  cells  (Pruss  and  Herschman,  1977)  were  devoid  of  en¬ 
dogenous  EGFr  and  pl85c'"e“  expression  and  were  used  as  the 
parental  cell  line  for  further  transfection.  Ml  cells  express  the 
wild-type  human  EGFr  and  wild-type  rat  pl85c'"<’“  (Kokai  et 
al.,  1989).  NEN757  cells  express  wild-type  human  EGFr  and  a 
kinase  inactive  form  of  rat  pl85c""c“  (pl85K757M)  in  which 
the  lysine  at  position  757  was  altered  to  a  methionine.  All  cell 
lines  utilized  in  this  study  were  characterized  periodically  for 
correct  expression  of  receptors  by  flow  cytometry  and  im- 
munoprecipitation/Westem  blotting. 

Monoclonal  antibody  (mAb)  7.16.4  against  the  extracellular 
domain  of  rat  pl85c'ne“  was  produced  from  hybridoma  cells  as 
described  previously  (Drebin  et  al.,  1984)  and  did  not  cross-re- 


act  with  EGFr  or  other  members  of  the  EGFr  family  (Dougall 
and  Qian,  unpublished).  Anti-pl85  carboxyl-terminal  antiserum 
NCT  (LeVea  et  al.,  1993)  was  specific  for  pi  85;  anti-EGFr  an¬ 
tisera  CT  was  specific  for  EGFr  (kindly  provided  by  Stuart 
Decker);  anti-Bacneu  antiserum  against  rat  pl85c"n*“  intracel¬ 
lular  domain  (Myers  et  al.,  1992)  recognized  both  pi  85  and 
EGFr;  anti-phosphotyrosine  monoclonal  antibody  4G10,  and 
polyclonal  antisera  against  PLC-g,  SHPTP2,  GAP,  and  p85 
(PI3-kinase)  were  purchased  from  UBI  (Lake  Placid,  NY). 
Polyclonal  anti-Shc  antisera  was  purchased  from  Transduction 
Laboratories  (Lexington,  KY).  Each  of  these  antibodies  were 
tested  for  cross-reactivity  to  baculovirus-expressed  rat  pi 85 
protein. 

EGF  treatment  of  cells 

Cells  were  cultured  in  DMEM  supplemented  with  10%  heat- 
inactivated  fetal  calf  serum  and  1%  penicillin/streptomycin.  Cells 
were  plated  at  a  density  of  1  X  106/10-cm  dish  and  cultured  for 
2  days;  the  media  was  decanted,  cells  were  washed  with  PBS 
and  media  minus  serum  for  16  hr.  Murine  EGF  (GIBCO/BRL) 
was  added  to  the  various  concentrations  indicated. 

lmmunoprecipitation  and  Western, blotting 

Cells  were  washed  twice  with  cold  phosphate-buffered  saline 
(PBS)  and  lysed  with  1  ml  of  PLCLB  (PLC  lysis  buffer:  50 
m M  HEPES  pH  7.5,  150  no M  NaCl,  10%  glycerol,  1%  Triton 
X-100,  1  m M  EGTA,  1.5  m M  MgCl2,  100  mM  NaF,  10  m M 
sodium  pyrophosphate)  supplemented  with  2  mM  sodium  or¬ 
thovanadate,  1  mM  phenylmethylsufonyl  fluoride,  10  fig/ml 
aprotinin,  and  10  /xg/ml  leupeptin.  Lysates  were  clarified  by 
centrifugation  at  14,000  X  g  for  15  min  at  4°C  and  supernatants 
were  immunoprecipitated  with  the  various  antibodies  for  1  hr 
at  0°C.  Immune  complexes  were  purified  with  Protein 
A-Sepharose  and  washed  twice  with  HNTG  buffer  (20  m M 
HEPES  pH  7.5,  150  mM  NaCl,  10%  glycerol,  0.1%  Triton  X- 
100,  1  mM  sodium  orthovanadate,  and  protease  inhibitors  as 
described  above),  once  with  HNTG  buffer  containing  500  mM 
NaCl,  and  finally  with  HNTG  buffer  containing  150  mM  NaCl. 
Controls  demonstrated  that  the  antibodies/antisera  used  were 
not  limiting.  Samples  were  boiled  for  5  min  in  NaDodSO.*  sam¬ 
ple  buffer  prior  to  NaDodS04-PAGE.  Western  blotting  was  per¬ 
formed  as  described  previously  (Wada  et  al.,  1990)  and  devel¬ 
oped  with  anti-mouse  or  anti-rabbit  coupled  to  horseradish 
peroxidase  (Boehringer  Mannheim)  using  enhanced  chemilu¬ 
minescence  (ECL,  Amersham).  The  intensity  of  the  bands  was 
analyzed  using  a  Phosphorimager  (Molecular  Dynamics,  Inc.). 
To  determine  the  amount  of  coimmunoprecipitated  receptor 
proteins  proportional  to  the  total  receptor  protein  content,  both 
receptors  were  simultaneously  immunoprecipitated  with  spe¬ 
cific  antisera  and  serial  dilutions  of  the  immune  complexes  were 
blotted  with  anti-receptor  antibodies. 

Expression  and  purification  of 
glutathione-S-transferase  fusion  protein/m  vitro 
SH2  binding  assays 

The  plasmid  encoding  the  recombinant  glutathione-S-trans- 
ferase/p85  SH2  fusion  protein  (GST-p85SH2)  was  provided  by 
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Dr.  Ed  Wood  (Burroughs  Wellcome  Co.).  This  fusion  protein 
was  expressed  using  the  pGEX2T  vector  and  has  been  described 
previously  (Yamamoto,  1992).  It  encodes  amino  acids  330-724 
of  the  human  p85  protein  and  includes  both  SH2  domains.  The 
glutathione-S-transferase  fusion  protein  was  purified  by  glu¬ 
tathione  affinity  chromatography  according  to  published  pro¬ 
cedures  (Yamamoto  et  al. ,  1992).  The  proteins  were  analyzed 
by  NaDodS04-PAGE  and  a  single  band  at  the  predicted  mo¬ 
lecular  weight  (70  kD)  was  identified.  Protein  concentration 
was  determined  using  the  Bradford  assay. 

Binding  of  GST  fusion  proteins  to  cellular  proteins  was  per¬ 
formed  in  1%  Triton  X-100  lysates  (PLCLB).  Five  micrograms 
of  the  GST  fusion  protein  was  mixed  with  total  cellular  lysates 
at  4°C  for  1  hr.  Protein  complexes  were  recovered  by  adding 
40  p\  of  glutathione-agarose  (Pharmacia)  and  continued  mix¬ 
ing  by  rotation  at  4°C  for  30  min.  The  complexes  were  washed 
as  described  above.  These  data  indicate  that  the  p85  subunit  of 
PI3-kinase  associates  (by  virtue  of  its  SH2  domains)  with  phos- 
phorylated  EGFr  and  pl85c~"c"  after  EGF  treatment. 
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RESULTS 

EGF-induced  tyrosine  phosphorylation 

Alteration  of  the  ATP  binding  site  of  pi 85  at  position  757 
from  a  lysine  to  methionine  (K757M)  results  in  the  inactiva¬ 
tion  of  the  tyrosine  kinase  activity  and  the  loss  of  tyrosine  au¬ 
tophosphorylation  (Weiner  et  al.,  1989;  Qian  et  al.,  1994a). 
Recently,  we  have  shown  that  stable  co-expression  of  this  ki¬ 
nase-inactive  pi  85  (pl85K757M)  with  the  wild-type  EGFr  has 
profound  effects  on  various  EGF-induced  functions,  including 
receptor  down-modulation  and  degradation,  DNA  synthesis, 
EGFr  affinity  for  EGF,  and  cellular  transformation  (Qian  et  al., 
1994b).  Both  pl85K757M  and  the  170-kD  EGFr  protein  be¬ 
come  rapidly  phosphorylated  on  tyrosine  residues  following 
EGF  treatment  as  shown  by  anti-phosphotyrosine  immunopre- 
cipitation  followed  by  Western  blotting  with  anti-receptor  an¬ 
tibodies  (Fig.  1,  lanes  1,  2,  5,  and  6).  Approximately  the  same 
percentage  (50%)  of  the  cellular  pool  of  EGFr  and  pl85K757M 
become  phosphorylated  in  NEN757  cells  as  in  Ml  cells  co-ex¬ 
pressing  EGFr  and  wild-type  pi 85  (Qian  et  al.,  1992).  These 
data  confirm  that  transphosphorylation  of  the  kinase-inactive 
pl85K757M  by  EGFr  and  autophosphorylation  of  EGFr  were 
not  significantly  impaired  in  these  cells.  Immunoprecipitation 
with  receptor-specific  antisera  demonstrated  that  the  total  lev¬ 
els  of  protein  did  not  change  during  EGF  treatment  (Fig.  1, 
lanes  3,  4,  7,  and  8),  although  the  mobility  of  EGFr  and  pl85 
was  reduced  due  to  the  increased  phosphorylation. 

Co-expression  of  the  pl85K757M  protein  with  EGFr  (in  the 
NEN757  cell  line)  reduces  the  percentage  of  high-affinity 
(Kd  =  1.3-7. 5  X  10“ 11  M)  EGF  receptors  seen  in  cells  ex¬ 
pressing  only  EGFr  (NE91  cells)  or  cells  expressing  both  wild- 
type  pl85c‘”<’,‘  and  EGFr  (Ml  or  NENB2  cells)  from  5%  to 
0.5%,  while  the  low-affinity  (kd  =  5  X  10-9  M)  EGF-binding 
subclass  was  unaltered  (Qian  et  al.,  1994b).  Accordingly,  it  was 
necessary  to  demonstrate  the  relative  efficiency  of  total  tyro¬ 
sine  phosphorylation  in  NEN757  cells  relative  to  the  other  cell 
lines.  Figure  2  illustrates  an  EGF  dose-response  curve  of  total 
cellular  tyrosine  phosphorylation  in  the  cell  lines  Ml  and 


FIG.  1.  Tyrosine  phosphorylation  of  EGFr  and  pl85c  re¬ 
ceptor  tyrosine  kinases  in  NEN757  cells.  Serum-starved  cells 
were  treated  with  100  ng/ml  of  EGF  for  15  min  at  37°C  be¬ 
fore  lysis  with  1%  Triton  X-100-containing  buffer.  Immune- 
precipitated  proteins  were  separated  by  NaDodSC>4-PAGE  (8% 
gel)  and  analyzed  by  anti-receptor  or  anti-PTYR  antibodies. 
EGF-dependent  tyrosine  phosphorylation  of  the  EGFr  was 
demonstrated  by  anti-PTYR  precipitation  followed  by  im- 
munoblotting  with  specific  anti-sera  (CT)  against  pl70  EGFr 
(lanes  1  and  2).  EGFr  was  directly  immunoprecipitated  with 
anti-EGFr  antisera  and  immunoblotting  with  anti-EGFr  anti¬ 
bodies  (lanes  3  and  4).  EGF-dependent  tyrosine  phosphoryla¬ 
tion  of  the  pl85K757M  was  demonstrated  by  anti-PTYR  pre¬ 
cipitation  followed  by  immunoblotting  with  specific  anti-sera 
against  pl85c'ne“  (NCT)  (lanes  5  and  6).  Lanes  7  and  8  indi¬ 
cate  direct  immunoprecipitation  of  pl85K757M  followed  by 
immunoblotting  with  NCT  anti-sera. 


NEN757.  Both  cell  lines  appear  to  respond  efficiently  to  EGF 
in  terms  of  tyrosine  phosphorylation,  and  optimal  tyrosine  phos¬ 
phorylation  was  observed  at  EGF  concentrations  of  50-100 
ng/ml.  Both  cell  lines  also  responded  similarly  over  a  defined 
time  course  to  EGF  treatment  (unpublished  data).  The  presence 
of  the  high-affinity  EGFr  in  Ml  cells  does  not  appear  to  affect 
significantly  the  pattern  of  proteins  phosphorylated  after  EGF 
treatment.  Differences  in  phosphotyrosine-containing  proteins 
were  mostly  quantitative,  although  some  qualitative  differences 
were  also  observed  between  the  two  cell  lines  upon  longer  ex¬ 
posures  of  the  anti-phosphotyrosine  immunoblots  (Fig.  3).  In 
each  subsequent  experiment,  cells  were  treated  with  100  ng/ml 
(16  n M)  of  EGF  for  15  min  unless  indicated  otherwise. 

She,  Grb2,  and  p72Raf  proteins  are  bound 

by  the  phosphorylated  EGFr/pl85cm'u  heterodimeric 

complex 

The  total  level  of  tyrosine  phosphorylation  observed  in  the 
NEN757  cell  line  indicated  that  EGF-inducible  kinase  activity 
was  still  operable,  which  is  in  agreement  with  our  previous  re- 


34 


DOUGALL  ET  AL. 


EGF 

(ng/ml) 


Anti  -PTYR 


anti  -PTYR 

FIG.  2.  Tyrosine  phosphorylation  of  cellular  proteins  as  a 
function  of  EGF  dosage.  Serum-starved  cells  were  treated  with 
indicated  concentrations  of  EGF  for  15  min  at  37°C  before  ly¬ 
sis  with  1%  Triton  X-100-containing  buffer.  Phosphotyrosine- 
containing  proteins  were  precipitated  with  anti-PTYR  antibod¬ 
ies,  separated  by  NaDodS04-PAGE  (8%  gel),  and  analyzed  by 
anti-PTyr  immunoblotting.  Molecular  weight  markers  are  indi¬ 
cated  at  left  of  each  panel.  The  prominent  band  at  55  kD  is  the 
Ig  heavy  chain.  A.  Ml  cells  that  express  both  wild-type  rat 
p  1  S5c~neu  and  human  EGFr  proteins  (Kokai  et  al.,  1989).  B. 
NEN757  cells  that  express  wild-type  EGFr  and  a  mutant  form 
of  pl85c'"e“  (pl85K757M),  which  lacks  functional  kinase  ac¬ 
tivity. 


1  2 
anti  -  PTYR 

FIG.  3.  Tyrosine  phosphorylation  substrates  of  the  active  (M 1 
cells)  and  inactive  (NEN757  cells)  EGFr/pl85  heterodimeric 
complex.  Cell  lines  were  treated  with  EGF  (100  ng/ml)  for  15 
min  and  tyrosine  phosphorylated  proteins  were  identified  by 
anti-phosphotyrosine  immunoprecipitation  and  anti-phosphoty- 
rosine  immunoblotting.  Proteins  were  resolved  on  a  gradient 
4-20%  NaDodS04-PAGE. 


IP  AB: 
EGF  TRX: 


port  (Qian  et  al.,  1994a)  and  indicates  that  the  loss  of  EGF-in- 
duced  mitogenesis  in  these  cells  was  not  due  to  a  loss  of  kinase 
activity  or  protein  phosphorylation.  To  examine  whether  effec¬ 
tor/substrate  proteins  were  coupled  to  the  EGFr  and 
pl85K757M  heterodimer,  co-precipitation  experiments  were 
performed  with  anti-substrate  antibodies.  We  initially  examined 
three  proteins  implicated  in  the  ras  signaling  pathway  and  sub¬ 
sequent  activation  of  the  MAP  kinase  system:  Grb2,  She,  and 
p72Raf. 

Lysates  from  NEN757  cells  that  were  either  treated  with  EGF 
or  untreated  were  subjected  to  immunoprecipitation  with  anti¬ 
bodies  specific  for  Grb2,  SHC,  and  p72Raf.  After  resolution  of 
proteins  by  NaDodSCL-PAGE,  samples  were  immunoblotted 
with  antisera  specific  for  either  phosphotyrosine  (clone  4G10), 
EGFr  (anti-CT  sera),  or  pi 85° ~neu  (anti-NCT  sera).  Figure  4  il¬ 
lustrates  that  a  tyrosine-phosphorylated  protein  complex  of  ap¬ 
proximately  170-190  kD  is  coimmunoprecipitated  with  each  of 
these  substrate/effector  proteins  after  EGF  treatment.  Blotting 
with  specific  anti-receptor  antisera  confirmed  that  both  EGFr 
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FIG.  4.  EGF-induced  complex  formation  of  EGFr  and 
pl85c  "e“  proteins  with  RAF,  GRB2,  and  SHC.  NEN757  cells 
were  treated  with  100  ng/ml  of  EGF  for  15  min  as  indicated. 
Total  cellular  lysates  were  immunoprecipitated  (as  described  in 
Materials  and  Methods)  with  polyclonal  antisera  against  the  hu¬ 
man  RAF  or  SHC  proteins  or  monoclonal  antibodies  reactive 
with  the  rat  GRB2  protein.  Proteins  were  fractionated  on 
NaDodSC>4-PAGE  (8%)  and  immunoblotted  with  antibodies 
against  phosphotyrosine.  The  tyrosine-phosphorylated 
EGFr/pl85  heterodimer  was  visualized  at  170-190  kD.  The 
sizes  of  marker  proteins  are  indicated  in  kilodaltons. 
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and  pi 85c ~neu  were  present  in  this  complex  (data  not  shown  and 
Qian  et  al.,  1994a).  The  size  heterogeneity  of  the  pl85/EGFr 
complex  is  due  to  the  differential  tyrosine  phosphorylation  of 
each  receptor,  as  shown  in  Fig.  1 .  The  amount  of  tyrosine  phos- 
phorylated  EGFr/pl85  complex  associated  with  She,  Grb2,  and 
p72Raf  proteins  was  estimated  to  be  approximately  5%  of  the 
total  tyrosine  phosphorylated  EGFr/pl85  receptors.  The  kinet¬ 
ics  of  inducible  association  between  the  EGFr/pl85c‘"!’“  het¬ 
erodimer  and  these  proteins  was  rapid  occurring  within  1  min 
of  EGF  treatment,  only  She  demonstrated  constitutive  binding 
in  the  absence  of  EGF.  Although  p72Raf  could  form  a  com¬ 
plex  with  tyrosine-phosphorylated  EGFr  and  pi 85  after  EGF 
treatment,  altered  p72Raf  mobility  in  NaDodS04-PAGE  or  in¬ 
creased  p72  tyrosine  phosphorylation  (previously  associated 
with  the  activation  of  p72Raf;  (Morrison  et  al.,  1990)  could  not 
be  demonstrated. 

Grb2  does  not  appear  to  be  a  favored  substrate  for  the  EGFr 
tyrosine  kinase  (data  not  shown  and  Lowenstein  et  al.,  1992), 
and  instead  functions  to  link  activated  receptor  tyrosine  kinases 
to  the  mSOSl  protein  (Egan  et  al.,  1993).  However,  the  phos¬ 
phorylation  of  She  and  formation  of  a  protein  complex  com¬ 
posed  of  Sch  and  Grb2  have  been  shown  to  correlate  with  pro¬ 
liferative  signals  (Rozakis-Adcock  et  al.,  1993;  Salcini  et  al., 
1994).  To  examine  the  role  of  SHC  and  GRB2  proteins  in  het- 
erodimeric  signaling  proteins  were  immunoprecipitated  after 
EGF  treatment  from  a  cell  line  expressing  EGFr  with  wild-type 
pi 85  (Ml)  or  cells  expressing  EGFr  with  the  kinase  inactive 
pl85K757M  (NEN757).  Two  proteins  of  molecular  weight  46 
and  52  kD  contained  low  levels  of  phosphotyrosine  from  serum- 
starved  cells,  and  showed  increased  phosphotyrosine  content  af¬ 
ter  EGF  treatment  in  both  cell  lines  (Fig.  5).  These  proteins 
were  identified  as  p46  and  p52  She  by  direct  blotting  with  anti- 
SHC  antisera.  EGF-induced  tyrosine  phosphorylation  of  SHC 
was  not  negatively  effected  by  the  expression  of  the  kinase-in¬ 
active  pl85K757M  protein.  The  phosphorylation  of  p46  and 
p52  She  correlated  with  the  association  with  and  tyrosine  phos¬ 
phorylation  of  the  170  to  180-kD  EGFr/pl85  complex  (Fig.  5). 


Association  of  the  heterodimeric  EGFr/pl85c'neu 
complex  with  PLC-g,  PI-3  kinase,  GAP,  NCK, 
and  SHPTP2 

The  formation  of  complexes  between  the  EGFr/pl85  het- 
eromer  and  additional  potential  substrates  including  PLC-y,  the 
p85  subunit  of  phosphotidylinositol  3-kinase  (PI3-kinase), 
NCK,  the  tyrosine  phosphatase  SHPTP2,  and  the  GTPase  acti¬ 
vating  protein  (pl20GAP)  was  examined  next.  The  association 
and  tyrosine  phosphorylation  of  these  proteins  with  activated 
receptors  has  previously  been  shown  to  correlate  with  positive, 
mitogenic  signals  (for  review,  see  van  der  Geer  et  al.,  1994). 
The  EGFr/pl  85C',K“  heterodimeric  complex  (170-190  kD)  as¬ 
sociates  with  each  of  these  substrate/effector  proteins  in  an 
EGF-dependent  fashion  as  illustrated  by  phosphotyrosine  im- 
munoblotting  after  anti-substrate  immunoprecipitation  (Fig.  6). 
Again,  the  presence  of  both  EGFr  and  pl85c"'!l!"  was  confirmed 
by  blotting  with  specific  anti-receptor  antisera.  The  association 
between  receptor  and  substrate/effectors  was  ligand-inducible 
and  rapid,  occurring  within  1  min. 

The  tyrosine  phosphorylation  of  SH2-containing  substrates 
was  determined  by  analysis  of  the  phosphotyrosine  western 
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FIG.  5.  Phosphorylation  of  SHC  proteins.  Ml  cells  that  ex¬ 
press  both  wild-type  rat  pl85c'nc“  and  human  EGFr  proteins  or 
NEN757  cells,  which  express  wild-type  EGFr  and  a  mutant 
form  of  pi  85c‘”f"  (pl85K757M)  which  lacking  functional  ki¬ 
nase  activity,  were  treated  with  100  ng/ml  of  EGF  for  15  min 
and  lysates  were  immunoprecipitated  with  polyclonal  antisera 
against  SHC  as  described  in  Materials  and  Methods.  After 
NaDodS04-PAGE  (8%)  and  transfer  to  nitrocellulose,  the 
membrane  was  immunoblotted  with  anti-phosphotyrosine. 
Phosphorylated  SHC  proteins  were  visualized  at  46,  52,  and 
66  kD. 


blots.  PLC-y  (145  kD)  was  phosphorylated  by  the  heterodimer 
composed  of  EGFr  and  kinase  inactive  pl85K757M,  as  demon¬ 
strated  by  the  phosphorylation  of  a  145-kD  band  (Fig.  6,  lane 
6),  which  was  subsequently  demonstrated  to  be  PLC-y  by  blot¬ 
ting  with  PLC-y-specific  antisera  (data  not  shown).  The  tyro¬ 
sine  phosphorylation  of  GAP  (120  kD)  was  undetectable  in  anti¬ 
substrate  immunoprecipitations.  However,  EGF-inducible 
tyrosine  phosphorylation  was  demonstrated  in  these  cells  by 
Western  blotting  with  substrate-specific  antisera  after  anti- 
phosphotyrosine  immunoprecipitation.  pl20GAP  (Fig.  7A) 
showed  enhanced  tyrosine  phosphorylation  after  EGF  treat¬ 
ment.  Phosphorylation  of  the  p85  subunit  of  PI3-kinase  was  de¬ 
tectable  at  comparable  levels  in  cell  lines  expressing  EGFr  with 
either  wild-type  pi 85  or  kinase-inactive  pi 85  (pl85K757M) 
(Fig.  7B).  The  phosphorylation  of  the  p72  SHPTP2  phosphatase 
could  not  be  reproducibly  demonstrated,  even  though  phosphate 
inhibitors  were  included  in  the  lysis  and  immunoprecipitations. 

The  p!85cncu/EGFr  heterodimer  directly  associates 
with  the  SH2  domains  of  PI3  kinase  p85  subunit 

Immunoprecipitation  using  antisera  against  PI-3  kinase  also 
coprecipitated  a  phosphorylated  protein  of  150  kD  in  addition 
to  the  EGFr/pl85c-new  heterodimeric  complex  present  at 
170-190  kD.  Using  Western  blotting,  this  protein  did  not  cross- 
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FIG.  6.  EGF-induced  association  of  the  EGFr/pl85  heterodimer  with  GAP,  PI3-kinase,  PLC-y,  SHPTP2,  and  NCK  in  NEN757 
cells.  Coprecipitation  experiments  were  used  to  define  association  of  cytoplasmic  proteins  with  the  EGFr/pl85c'”e“  heterodimer. 
NEN757  cells  were  serum-starved  overnight  and  treated  with  100  ng/ml  of  EGF  for  15  min  as  indicated.  Triton  X-100  (1%) 
lysates  were  immunoprecipitated  with  polyclonal  antisera  against  the  human  GAP  (lanes  1  and  2),  rat  PI3-kinase  (lanes  3  and 
4),  bovine  PLC-yl  (lanes  5  and  6),  and  murine  SHPTP2/SYP  (tyrosine  phosphatase)  (lanes  7  and  8)  and  or  monoclonal  anti¬ 
bodies  against  the  bovine  NCK  protein  (lanes  9  and  10).  Immunoprecipitations  were  processed  as  described  in  the  Materials  and 
Methods  section  and  fractionated  on  NaDodS04-PAGE  (8%)  followed  by  immunoblotting  with  anti-phosphotyrosine  antibodies. 
The  phosphorylated  EGFr  and  pl85K757M  proteins  were  visualized  at  170-190  kD;  the  phosphorylated  PLC-yl  was  visualized 
at  145  kD  (lane  6).  The  constitutively  phosphorylated  150-kD  band  in  anti-PI3-kinase  immunoprecipitates  (lanes  3  and  4)  was 
not  identified. 
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FIG.  7.  EGF-induced  phosphorylation  of  pl20  GAP  and  the  p85  subunit  of  PI3-kinase  after  EGF  treatment  of  NEN757  or  Ml 
cells.  A.  NEN757  cells  were  treated  with  100  ng/ml  of  EGF  for  15  min  or  left  untreated  as  indicated,  and  total  cellular  lysates 
were  immunoprecipitated  with  anti-phosphotyrosine  antibodies.  Immunoprecipitated  complexes  were  fractionated  on  a  8% 
NaDodS04-PAGE  and  immunoblotted  with  polyclonal  sera  raised  against  GTPase-activating  protein  (GAP).  The  GAP  protein 
was  visualized  at  120  kD.  The  prominent  band  at  55  kD  is  the  Ig  heavy  chain.  B.  Either  NEN757  cells  (lanes  1  and  2)  express¬ 
ing  wt  EGFr  with  kinase-inactive  pl85K757M  or  Ml  cells  (lanes  3  and  4)  expressing  both  wt  EGFr  and  pl85c~"e"  were  serum- 
starved  overnight,  treated  with  100  ng/ml  of  EGF  for  15  min,  and  cellular  lysates  were  prepared.  Immunoprecipitation  with  anti- 
PI3-kinase  antibodies  was  performed  as  described  in  Materials  and  Methods  and  was  identical  to  that  described  for  Fig.  5  (lanes 
3  and  4).  Proteins  were  fractionated  by  NaDodS04-PAGE  and  immunoblotted  with  anti-phosphotyrosine  antibodies. 
Phosphotyrosine-containing  proteins  were  detected  by  incubation  with  an  anti-mouse  IgG  coupled  to  horseradish  peroxidase  and 
visualized  by  ECL  (see  Materials  and  Methods).  The  image  was  intentionally  overexposed  to  detect  faint  signals.  The  phospho¬ 
rylated  p85  subunit  of  PI3-kinase  was  visualized  at  85  kD  after  EGF  treatment  in  both  cell  lines. 
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FIG.  8.  Association  of  p85PI3  kinase  SH2  domains  with  both  the  EGFr  and  pi  85  forms  after  EGF  treatment  A.  Association 
of  the  p85  SH2  domains  with  the  tyrosine  phosphorylated  EGFr  and  pl85K757M  proteins  was  determined  using  GST-fusion 
protein  binding  and  anti-pl85  immunoblotting  with  anti-NCT  antisera  as  described  in  the  Methods  and  Materials.  Lanes  1  and 
2,  Reactivity  of  GST/p85  SH2  domains  with  proteins  in  the  parental  NR6  cell  line,  which  lacks  endogenous  EGFr  and 
pl85c-ne«;  ]anes  3  ancj  4,  binding  of  GST/p85  SH2  proteins  with  pl85  protein  in  the  Ml  cell  lines,  which  express  both  wild-type 
EGFr  and  pi 85;  lanes  5  and  6,  binding  to  pl85  in  the  NEN757  cell  line,  which  expresses  EGFr  with  the  kinase-inactive 
pl85K757M.  B.  Association  of  GST/p85  SH2  domains  with  the  EGFr  was  determined  using  antiserum  (CT)  specific  for  EGFr 
in  the  Western  blotting.  Lanes  1  and  2,  EGF-inducible  binding  in  a  control  cell  line  NE91,  which  expresses  only  EGFr;  lanes  3 
and  4,  bining  of  the  GST/p85  SH2  protein  in  the  Ml  cells;  binding  to  EGFr  in  NEN757  cells.  Each  cell  line  represented  ex¬ 
presses  approximately  equivalent  EGFr  or  pi 85  protein  (2. 5-7.5  X  105  receptors/cell)  (Qian  et  al.,  1994a). 


react  with  PLC-y  antisera  or  antisera  raised  against  the  p85  sub¬ 
unit  of  PI3  kinase  (data  not  shown).  To  demonstrate  the  speci¬ 
ficity  of  interaction  between  PI3  kinase  and  the  EGFr/pl85  het¬ 
erodimer,  the  ability  of  the  receptor  proteins  to  bind 
glutathione-S-transferase  (GST)  fusion  proteins  containing  the 
amino-  and  carboxy-terminal  SH2  domains  of  the  p85  subunit 
of  PI3  kinase  (GST/p85)  was  examined. 

GST/p85  fusion  protein  or  control  GST  proteins  without  p85 
SH2  domains  were  purified  from  bacteria  and  added  to  cell 
lysates  following  EGF  treatment.  Association  of  the  GST/p85 
SH2  protein  with  EGFr  or  pl85c''w“  was  measured  by  Western 
blotting  using  receptor-specific  antisera  (Fig.  8).  EGF  treatment 
for  15  minutes  mediated  an  increased  association  of  GST/p85 
SH2  domains  with  both  wild-type  pl85c""“  expressed  in  Ml 
cells  (Fig.  8A,  lanes  4  and  6)  and  the  kinase-inactive 
pl85K757M  expressed  in  NEN757  cells  (lanes  8  and  10). 
Comparable  levels  of  either  wild-type  pi 85  or  pl85K757M 
were  coprecipitated  with  GST/p85  after  activation  and  phos¬ 
phorylation  after  EGF  treatment  (compare  lanes  6  and  10). 

In  a  similar  fashion,  EGF  treatment  induced  the  efficient  as¬ 
sociation  between  EGFr  and  p85  SH2  protein  in  the  same  cell 
lines  (Fig.  8B,  lanes  3-6).  There  was  no  apparent  reduction  in 
the  amount  of  EGFr  associated  with  GST/p85  from  NEN757 
cells  (EGFr  expressed  with  pl85K757M),  Ml  cells  (wild-type 
EGFr  and  pi 85),  or  NE91  cells  (wild-type  EGFr  only).  The  rel¬ 
ative  total  amounts  of  EGFr  expressed  in  the  cell  lines  were  ap¬ 
proximately  equal  (Qian  et  al.,  1994a  and  data  not  shown).  The 
control  GST  protein  did  not  specifically  bind  either  EGFr  or 
pl85c'"'’"  forms. 

DISCUSSION 

Ligand-induced  dimerization  or  oligomerization  is  a  requi¬ 
site  step  in  the  activation  and  signaling  of  most  growth  factor 


receptors  (Weiner  et  al.,  1989  and  reviewed  in  Heldin,  1995). 
Heterodimerization  (or  oligomerization)  of  related  tyrosine  ki¬ 
nase  receptors  may  profoundly  expand  the  potential  repertoire 
of  substrate  binding  sites  and  subsequent  substrate  activation. 
The  intermolecular  association  of  the  EGFr  cytoplasmic  domain 
with  the  pi 85  tyrosine  kinase  has  been  shown  to  enhance  sub¬ 
strate  binding  and  transformation  (Qian  et  al.,  1995)  suggest¬ 
ing  the  amplification  of  tyrosine  kinase  signaling  through 
additional  substrate  binding  site  availability.  Likewise,  pl60c- 
erbB-3,  which  has  a  low  or  nonexistent  kinase  activity  (Prigent 
and  Gullick,  1994),  provides  additional  binding  motifs  for  the 
p85  subunit  of  PI3-kinase  that  may  be  amplified  through  het¬ 
erodimerization  of  pl60c-erbB-3  and  pl85c-erbB-2  (Carraway 
and  Cantley,  1994;  Soltoff  et  al.,  1994).  The  heterodimeriza¬ 
tion  between  p!60c-erbB-3  and  pl85c-erbB-2  or  pl60c-erbB- 
3  and  pl80c-erbB-4  also  may  provide  for  high-affinity  binding 
of  the  heregulin  family  of  ligands  (Plowman  et  al.,  1993; 
Slikowski  et  al.,  1994).  Heterodimerization  within  the  EGFr 
family  thus  appears  to  be  a  general  mechanism  that  provides 
for  an  increased  intensity  or  diversity  of  ligand-induced  sig¬ 
naling  responses  (Kokai  et  al.,  1989;  Wada  et  al.,  1990;  and  re¬ 
viewed  in  Lemmon  and  Schlessinger,  1994). 

Heterodimerization  between  the  EGFr  and  pl85c'"e“  tyrosine 
kinase  receptors  has  been  well  characterized  in  transfected 
mouse  cell  lines  (Wada  et  al.,  1990;  Spivak-Kroizman  et  al., 
1992)  and  human  adenocarcinoma  cell  lines  (Goldman  et  al., 
1990).  The  significance  of  the  formation  of  this  heterodimeric 
complex  between  EGFr  family  members  is  indicated  by:  (i)  the 
resulting  transformation  of  fibroblasts  in  the  absence  of  exoge¬ 
nously  added  growth  factor  (Kokai  et  al.,  1989);  (ii)  the  pre¬ 
dominance  of  heterodimeric  EGFr/pl85  species  over  homo- 
dimeric  forms  (Qian  et  al.,  1994a);  and  (ii)  the  loss  of 
EGF-induced  responses  in  cell  lines  coexpressing  wt  EGFr  with 
a  kinase-inactive  form  of  pl85  (Qian  et  al.,  1994a,b,  and  this 
paper).  To  explore  the  potential  defects  in  the  signal  transduc- 
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tion  pathway(s)  mediated  by  EGFr  and  a  kinase-inactive  pi 85 
heterodimer,  we  characterized  the  receptor  association  and 
phosphorylation  of  several  known  substrates  for  receptor  tyro¬ 
sine  kinases. 

The  hypothesis  that  EGFr  and  pl85c  "e“  can  couple  with  dis¬ 
tinct  signal  transduction  pathways  has  been  based  on  several 
observations.  The  distinct  phosphorylation  patterns  of  intracel¬ 
lular  substrates  by  EGFr  and  pi 85  tyrosine  kinases  (Fazioli  et 
al.,  1991)  argues  for  the  direct  phosphorylation  of  unique  sub¬ 
strates  including  the  EGFr-specific  epsl5  (Fazioli  et  al.,  1993), 
or  the  activation  of  unique  pathways  by  the  two  receptors. 
Moreover,  the  two  receptors  have  demonstrated  differential  mi¬ 
togenic  potency  in  different  cell  lines  (Di  Fiore  et  al.,  1990), 
suggesting  that  the  utilization  of  alternative  substrate  pathways 
is  important  for  signaling  through  members  of  the  EGFr  fam¬ 
ily. 

In  the  model  system  used  in  the  present  study,  we  derived 
cell  lines  transfected  with  EGFr  or  pi 85  forms  from  a  common 
parental  clone,  therefore  there  should  be  no  differences  in  the 
content  of  intracellular  kinase  substrates.  The  coexpression  of 
EGFr  with  either  wild-type  pi 85  or  the  kinase  inactive 
pl85K757M  had  profound  effects  on  the  mitogenic  or  trans¬ 
forming  potency  of  EGF  signaling.  Expression  of  the 
pl85K757M  protein  with  EGFr  has  been  shown  to  functionally 
inactivate  EGF-inducible  DNA  synthesis,  receptor  turnover, 
and  cellular  transformation  in  NEN757  cells  (Qian  et  al., 
1994b).  However,  the  present  study  demonstrates  that  the  EGFr 
tyrosine  kinase  in  these  cells  was  still  active  and  capable  not 
only  of  phosphorylating  pi 85  but  was  also  active  in  total  cel¬ 
lular  substrate  phosphorylation  (Figs.  1  and  2).  The  dose-de- 
pendent  response  to  EGF  in  terms  of  tyrosine  phosphorylation 
was  qualitatively  and  quantitatively  the  same  whether  wild-type 
pi 85  (Ml  cells)  or  the  kinase-inactive  form  (NEN757  cells) 
was  expressed  with  EGFr  (Fig.  2).  The  defective  mitogenic  sig¬ 
naling  in  NEN757  cells  was  then  not  due  to  a  disruption  of  ty¬ 
rosine  kinase  and  phosphorylation  activity,  but  rather  may  be 
due  to  the  loss  of  phosphorylation  or  activation  of  a  specific 
subset  of  intracellular  signal  transducers.  The  possibility  that 
the  activity  of  the  pi 85  tyrosine  kinase  coexpressed  with  EGFr 
couples  with  alternative  substrate  pathways  is  suggested  by  the 
phosphorylation  of  different  substrate  proteins,  as  shown  in 
Fig.  3. 

Considerable  effort  has  demonstrated  that  the  phosphoryla¬ 
tion  and  activation  of  putative  tyrosine  kinase  substrates  corre¬ 
lates  with  positive  mitogenic  signals.  However,  it  is  unclear 
whether  the  protein-protein  association  between  substrate  and 
activated  receptor  or  the  actual  substrate  phosphorylation  is  a 
more  important  determinant  for  substrate  activation.  PLC-yl 
and  PI3  kinase  have  been  shown  to  be  associated  with  activated 
receptors  and  subsequently  phosphorylated  and  activated  by  re¬ 
ceptor  tyrosine  kinases  (Nishibe  et  al.,  1990).  pl20  GAP  has 
also  been  shown  to  be  associated  with  activated  tyrosine  kinase 
receptors  (Ellis  et  al.,  1990)  and  to  become  phosphorylated 
(Morrison  et  al.,  1990).  In  the  present  study,  PLC-yl,  the  p85 
subunit  of  PI3-kinase,  She,  and  pi 20  GAP  became  associated 
with  the  phosphorylated  EGFr/pl85K757M  complex  and  were 
phosphorylated  themselves  after  EGF  treatment  (Figs.  4  and  6). 
The  stoichiometry  of  substrate  phosphorylation  appeared  to  be 
equally  efficient  in  cells  with  the  kinase  inactive  pl85K757M 
as  with  the  wild-type  pl85  (Figs.  5  and  7).  However,  the  en¬ 


zymatic  activation  of  the  respective  substrate  proteins  was  not 
analyzed  directly.  She,  NCK,  and  Grb2  were  shown  to  form 
EGF-inducible  complexes  with  the  EGFr/pl85  heterodimer, 
suggesting  that  these  adapter  proteins  can  functionally  couple 
with  downstream  signals  (Fig.  4  and  6). 

Because  the  catalytic  activity  of  SHPTP2  has  been  demon¬ 
strated  to  be  enhanced  by  an  EGFr-dependent  phosphorylation 
(Lechleider  et  al.,  1993;  Vogel  et  al.,  1993)  and  an  inhibitory 
antibody  against  SHPTP2  reduced  EGF-stimulated  DNA  syn¬ 
thesis  (Xiao  et  al.,  1994),  this  substrate  protein  is  a  good  can¬ 
didate  for  further  analysis  in  the  defective  signaling  pathway 
presented  here.  The  tyrosine  phosphatase  SHPTP2  also  became 
associated  with  the  phosphorylated  EGFr/pl85K757M  complex 
(Fig.  6);  however,  increased  phosphotyrosine  content  on 
SHPTP2  could  not  be  detected.  The  specific  activation  of 
p72RAF  has  also  been  correlated  with  growth  factor  activation 
(Morrison  et  al.,  1990).  Further  analysis  of  the  activation  sta¬ 
tus  of  p72RAF  and  SHPTP2  in  NEN757  cells  is  currently  be¬ 
ing  performed. 

An  additional  explanation  for  the  defect  responsible  for  the 
inactivated  EGF  response  in  these  cells  is  the  improper  sub- 
cellular  localization  or  enzymatic  activation  of  each  of  these 
putative  substrate  proteins.  The  association  of  PLC-yl, 
pl20GAP,  PI3-kinase,  and  p72RAF  with  the  membrane-bound 
receptor  proteins  suggests  that  these  substrates  are  properly  lo¬ 
cated  for  their  respective  activities.  It  has  been  demonstrated 
that  the  subcellular  localization  of  a  complex  between  tyrosine- 
phosphorylated  She,  Grb2,  and  mSOS  correlates  with  distinct 
signaling  responses  (Di  Gugliemo  et  al.,  1994);  the  proper  as¬ 
sociation  of  p72Raf,  Grb2,  and  She  with  the  membrane-bound 
receptor  complex  (Fig.  4)  also  suggests  that  substrate  localiza¬ 
tion  is  not  an  issue  with  the  NEN757  cells. 

The  particular  relevance  of  individual  substrates  for  certain 
signaling  pathways  is  questionable.  For  instance,  the  relative 
mitogenic  potency  of  EGFr  and  pi 85  does  not  necessarily  cor¬ 
relate  with  the  relative  phosphorylation  levels  of  two  substrates 
pl20GAP  and  PLC-yl  (Fazioli  et  al.,  1991).  There  have  been 
several  observations  of  alternative  EGF-dependent  signaling 
pathways  that  may  require  uncharacterized  substrate/enzyme 
pathways.  Some  initial  findings  of  EGFr  tyrosine  kinase-inde¬ 
pendent  pathways  (Campos-Gonzales  and  Glenney,  1992;  Selva 
et  al.,  1993)  may  be  due  to  activation  of  endogenous  murine 
EGFr  in  transfected  cells  (Hack  et  al.,  1993).  However  it  is  im¬ 
possible  to  exclude  as  yet  unidentified  EGF-activated  kinases. 
The  particular  relevance  of  the  JAK/STAT  pathway  for  EGFr- 
mediated  signaling  is  still  not  clear,  although  in  preliminary 
analysis  we  have  demonstrated  EGF-inducible  association  of 
static*  and  stat3  with  the  EGFr/pl85K757M  complex  as  well 
as  EGF-inducible  activation  of  STAT  DNA  binding  activity 
(Dougall,  Samanta,  and  Greene,  manuscript  in  preparation),  in¬ 
dicating  that  the  JAK/STATs  are  probably  not  essential  for 
EGFr  signaling. 

DiFiore  and  colleagues  have  identified  novel  substrates  by 
virtue  of  their  tyrosine  phosphorylation  after  EGF  treatment 
(Fazioli  et  al.,  1992).  Two  of  these  substrates  (eps8  and  epsl5) 
have  been  shown  (in  the  NEN757  cells  used  in  the  present 
study)  to  become  tyrosine  phosphorylated  and  coprecipitate 
with  EGFr  and  pl85K757M  in  an  EGF-dependent  manner  (W. 
Dougall,  W.  Wong,  and  M.  Greene,  unpublished  observations). 

The  transforming  capacity  of  the  pi 85  tyrosine  kinase  has 
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been  linked  to  the  activation  of  the  MAP  kinase  and  ras  path¬ 
way  (Ben-Levy  etal.,  1994).  The  specific  activation  of  the  ERK 
family  of  MAP  kinases  is  likely  to  be  a  critical  trigger  in  the 
signaling  through  receptor  tyrosine  kinases  (Marshall,  1995). 
The  distinction  between  mitogenic/transformation  signals  and 
differentiation  signals  may  be  mediated  by  the  duration  of  ERK 
activation.  Direct  analyses  of  the  activation  of  the  MAP  kinase 
enzymes  were  not  performed  in  the  present  study,  however,  we 
demonstrated  that  three  proteins  involved  in  the  upstream  reg¬ 
ulation  of  the  MAP  kinase  pathway  (p72Raf,  Grb2,  and  She) 
are  correctly  associated  with  the  heterodimer  expressed  in  the 
NEN757  cells. 

Future  studies  in  this  model  system  will  focus  on  a  compar¬ 
ison  between  EGF-responsive  and  nonresponsive  EGFr/pl85 
heterodimers  with  regard  to  specific  activation  of  MAP  kinases. 
It  is  interesting  to  note  that  the  EGF-inducible  internalization 
rate  of  the  complex  formed  between  EGFr  and  pl85K757M  is 
significantly  retarded  (as  compared  to  a  complex  between  wild- 
type  proteins)  (Qian  et  al.,  1994b),  raising  the  possibility  that 
the  activation  of  downstream  signaling  pathways  is  improperly 
sustained  at  the  plasma  membrane,  thereby  altering  the  normal 
mitogenic  signal.  Alternatively,  certain  signals  initiated  by  the 
pl85/EGFr  heterodimer  may  be  routed  through  heterologous 
kinase  pathways  independent  of  the  MAPK  and  ras  pathways, 
as  has  been  observed  for  EGF-dependent  signaling  in  neuroen¬ 
docrine  cells  (Pickett  and  Gutierrez-Hartmann,  1994). 

Several  questions  remain  as  to  the  nature  of  the  functional 
inactivation  of  EGF-inducible  DNA  synthesis,  receptor 
turnover,  and  transformation  seen  in  NEN757  cells  coexpress¬ 
ing  EGFr  with  the  kinase-inactive  pl85K757M.  The  present 
study  demonstrates  that  the  activation  of  the  EGFr  tyrosine 
kinase  and  the  tyrosine  phosphorylation  of  several  substrates 
proceeds  in  an  accurate  and  stoichiometric  manner  in  cells  with 
abnormal  heterodimeric  receptors.  Thus,  substrate  association 
and  phosphorylation  do  not  stringently  correlate  with  the 
mitogenic  and  transforming  activity  of  this  receptor  complex, 
suggesting  additional  pathways  or  mechanisms  vital  to 
EGFr/pl85c  ne"  heterodimeric  signaling.  It  is  also  likely  that  the 
defective  signaling  may  then  be  attributable  to  defects  in  the 
specific  activation  of  downstream  enzymes  or  effector  mole¬ 
cules. 
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ABSTRACT  The  epidermal  growth  factor  receptor 
(EGFR)  and  pl85c'neu  proteins  associate  as  dimers  to  create 
an  efficient  signaling  assembly.  Overexpression  of  these  re¬ 
ceptors  together  enhances  their  intrinsic  kinase  activity  and 
concomitantly  results  in  oncogenic  cellular  transformation. 
The  ectodomain  is  able  to  stabilize  the  dimer,  whereas  the 
kinase  domain  mediates  biological  activity.  Here  we  analyze 
potential  interactions  of  the  cytoplasmic  kinase  domains  of 
the  EGFR  and  pl85c_neu  tyrosine  kinases  by  homology  molec¬ 
ular  modeling.  This  analysis  indicates  that  kinase  domains 
can  associate  as  dimers  and,  based  on  intermolecular  inter¬ 
action  calculations,  that  heterodimer  formation  is  favored 
over  homodimers.  The  study  also  predicts  that  the  self¬ 
autophosphorylation  sites  located  within  the  kinase  domains 
are  not  likely  to  interfere  with  tyrosine  kinase  activity,  but 
may  regulate  the  selection  of  substrates,  thereby  modulating 
signal  transduction.  In  addition,  the  models  suggest  that  the 
kinase  domains  of  EGFR  and  pl85c_n<:u  can  undergo  higher 
order  aggregation  such  as  the  formation  of  tetramers.  For¬ 
mation  of  tetrameric  complexes  may  explain  some  of  the 
experimentally  observed  features  of  their  ligand  affinity  and 
hetero-receptor  internalization. 


pl85c'ncu  and  its  human  homologue  pl85c'erbB‘2  are  related  to 
the  epidermal  growth  factor  receptor  (EGFR)  and  possess 
intrinsic  tyrosine  kinase  activity.  Overexpression  of  these 
receptors  has  been  correlated  with  poor  prognosis  of  human 
adenocarcinoma  of  breast,  ovarian,  and  pancreatic  cancers 
(1-3).  These  receptor-tyrosine  kinases  (RTK)  are  character¬ 
ized  by  an  ectodomain,  a  transmembrane  domain,  and  an 
endodomain.  The  endodomain  consists  of  a  kinase  domain  and 
a  carboxyl-terminal  tail,  which  contains  most  of  the  autophos¬ 
phorylation  sites  (4).  Many  RTK  receptors,  except  insulin 
receptor,  appear  to  undergo  oligomerization  upon  ligand 
binding  (4-6).  Oligomerization  can  occur  between  the  same 
receptors,  forming  a  homodimer,  or  different  members  of  the 
same  receptor  family,  thus  forming  a  heterodimer  (6,  13). 
When  ligand  binds  to  the  ectodomain  of  the  receptor,  confor¬ 
mational  changes  are  propagated  through  the  transmembrane 
domain  to  the  cytoplasmic  domain,  resulting  in  receptor 
activation  (7).  The  net  effects  of  oligomerization  are  enhanced 
kinase  activity  and  initiation  of  signal  transduction  (5).  A 
similar  scenario  has  been  proposed  for  several  cytokines  and 
their  receptor  complexes  (6).  Thus,  oligomerization  seems  to 
be  a  common  pathway  leading  to  signal  propagation  (7). 

The  ectodomain  has  been  postulated  to  bring  the  cytoplas¬ 
mic  domains  into  proximity  and  orient  them  for  favorable 
kinase  activity  (4,  8).  The  role  of  the  transmembrane  region  in 
RTK  seems  to  stabilize  the  cytoplasmic  domain  (4).  pl85c  ncu, 
on  the  other  hand,  has  been  shown  to  undergo  dimerization 
caused  by  a  point  mutation  (Val-664  — »  Glu)  in  the  trans- 
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membrane  region  (8,  9).  An  analogous  transmembrane  posi¬ 
tion  in  pl85c  erbB‘2,  mutation  of  Val-659  — »  Glu,  also  leads  to 
dimerization  (10).  The  linker  region  between  the  transmem¬ 
brane  region  and  the  kinase  domain  seems  relevant  for  kinase 
activity,  though  no  specific  role  has  yet  been  assigned  to  this 
area.  Mutations  in  this  region  appear  to  affect  kinase  activity 

(4). 

pl85c  ncu  and  EGFR  can  associate  and  undergo  dimerization 
(11-13).  Upon  dimerization,  enhanced  kinase  activity  ensues 
and  the  receptors  transphosphorylate  each  other  (12, 14).  The 
ectodomain  is  necessary  for  association  of  pl85c"ncu  and 
EGFR,  and  this  heteromer  formation  is  increased  in  a  ligand- 
dependent  manner  (12,  14).  An  active  heterodimeric  complex 
of  EGFR  and  pl85c  ncu  proteins  was  able  to  contribute  to 
cellular  transformation  (12-15).  However,  cells  transfected 
with  EGFR  and  a  kinase-deficient  pl85c'neu  K758M  inhibited  the 
kinase  activity  of  EGFR,  abolished  cellular  transformation, 
and  reduced  EGF-stimulated  mitogenesis  (14,  16).  These 
results  further  suggest  that  kinase  activation  requires  an  asso¬ 
ciation  of  the  cytoplasmic  domains  of  the  respective  receptors, 
and  that  this  feature  is  indispensable  to  receptor  activation  and 
signal  transduction. 

Although  the  ectodomain  has  been  shown  to  be  involved  in 
oligomerization,  it  is  not  known  whether  the  kinase  domains 
can  form  dimers  in  the  cytoplasm  of  cell.  We  have  explored  this 
aspect  by  using  homology  modeling.  We  have  analyzed  struc¬ 
tural  features  of  the  monomeric,  dimeric,  and  tetrameric  forms 
of  pl85c  neu  and  EGFR  kinase  domains.  Our  study  shows  that 
formation  of  dimers  and  tetramers  within  cells  is  plausible,  and 
this  oligomeric  state  might  be  a  strategy  used  to  recruit  diverse 
substrates  in  a  structure  dependent  manner  and  may,  as 
suggested  (13),  represent  a  novel  diversification  mechanism  for 
nonpolymorphic  receptors. 

MATERIALS  AND  METHODS 

The  sequences  of  the  kinase  domain  of  pl85c'neu,  EGFR,  and 
cAMP-dependent  kinase  (cAPK)  were  aligned  using  the  mul¬ 
tiple  sequence  alignment  program  CLUSTALV  (17).  The  align¬ 
ment  was  then  adjusted  manually,  conserving  the  overall 
secondary  structure  and  positioning  the  residues  known  to  be 
critical  in  binding  adenosine  triphosphate  (ATP)  and  in  the 
catalytic  site.  We  modeled  both  pl85c'neu  and  EGFR  by  using 
the  crystal  structure  of  cAPK  (18).  The  modeling  was  carried 
out  by  using  quanta  (Molecular  Simulations,  Cambridge, 
MA),  and  energy  minimization  was  performed  using  both 
quanta  and  xplor  3.1  (19).  charmm  energy  parameters  were 
used  in  both  the  programs.  The  models  were  analyzed  by  using 
quanta,  o  (20),  and  grasp  (21). 


Abbreviations:  RTK,  receptor  tyrosine  kinase(s):  EGF,  epidermal 
growth  factor;  EGFR,  EGF  receptor;  cAPK,  cAMP-dependent  ki¬ 
nase;  rms,  root  mean  square;  ATP,  adenosine  triphosphate;  IRK, 
insulin  receptor  kinase. 
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A  trial  structure  was  built  based  on  the  sequence  alignment. 
Insertions,  deletions,  and  mutations  were  incorporated  into 
the  template  structure  to  build  an  initial  model.  For  both 
pl85c-neu  and  EGFR,  the  sequence  alignment  led  to  trial 
structures  with  two  large  insertions  and  four  small  deletions  in 
the  kinase  domain.  At  the  loops  where  insertions  and  deletions 
occur,  we  used  a  knowledge-based  approach  for  loop  confor¬ 
mation  construction  (22,  23)  because  the  sizes  of  the  loops 
were  small  (five  to  six  residues).  The  structural  data  base  was 
created  with  quanta  by  using  the  latest  coordinates  from  the 
Brookhaven  National  Laboratory  data  bank.  The  search  was 
performed  with  a  minimum  of  two  residues  included  at  the 
termini.  The  fragments  were  selected  based  upon  sequence 
homology  and  the  avoidance  of  steric  contacts.  When  several 
satisfactory  loops  were  found,  an  average  structure  was  ac¬ 
cepted.  The  fragments  were  annealed  and  regularized  to  the 
template  by  using  QUANTA.  The  trial  structure,  with  insertion 
fragments  and  deletions,  was  then  subjected  to  energy  mini¬ 
mization  followed  by  molecular  dynamics.  Mutated  side  chains 
were  screened  for  steric  contacts  and,  if  necessary,  remodeled 
either  by  using  the  rotamer  library  data  base  (24)  or  by 
manually  rotating  the  side  chains. 

The  regions  of  insertion  and  deletion  were  minimized  while 
holding  the  remainder  of  the  structure  fixed,  thus  preserving 
the  overall  structure.  The  entire  structure  was  then  subjected 
to  conjugate  gradient  energy  minimization  for  2000  cycles  to 
convergence,  followed  by  an  equilibration  and  production  run 
of  molecular  dynamics  at  300  K  for  60  ps.  Molecular  dynamics 
was  performed  to  remove  any  steric  contacts  and  to  allow  a 
change  in  the  conformation  of  inserted  loops,  if  more  favor¬ 
able.  All  energy  calculations  were  performed  at  a  dielectric 
constant  of  1.  Final  energy  values  were  calculated  by  using 
char  mm  for  monomers  and  xplor  3.1  (19)  for  oligomers. 
Average  root  mean  square  (rms)  deviations  between  the  alpha 
carbon  positions  of  the  final  models  were  calculated  by  using 
QUANTA.  Parameters  for  MnATP  were  built  from  CHARMM 
and  used  in  all  calculations.  The  consistency  of  the  model  was 
checked  by  using  profile  3-D  (25). 

Aggregation  states  were  predicted  through  manual  docking 
of  one  subunit  while  holding  the  remaining  subunit(s)  fixed. 
The  best-shape  complementarity  between  the  kinase  domains 
was  obtained  by  rotation  of  165°  and  translation  of  10-12  A  of 
one  of  the  monomers  with  respect  to  its  counterpart.  The  area 
of  surface  buried  was  calculated  by  using  quanta  with  a  probe 


radius  of  1.4  A.  Number  and  type  of  contacts  were  evaluated 
by  the  program  contact  (26),  with  a  distance  cut-off  of  4.5  A. 
A  tetramer  was  constructed  from  the  homodimers  with  2-fold 
symmetry  operation  about  an  axis  parallel  to  the  pseudo-dimer 
axis  of  the  homodimers.  Individual  monomers  were  then 
adjusted  to  maximize  the  complementarity,  followed  by  40 
cycles  of  rigid  body  minimization  by  using  xplor  (19).  Elec¬ 
trostatic  calculations  were  performed  with  grasp.  Charged 
amino  acid  groups  were  assigned  full  charges  as  provided  in 
GRASP  and  charges  for  MnATP  were  obtained  from 
CHARMM19,  which  is  part  of  quanta.  The  electrostatic  calcu¬ 
lations  were  performed  with  distance-dependent  dielectric 
constants,  from  1  at  the  interior  to  80  at  the  outer  surface. 

RESULTS 

Structural  and  Sequence  Alignment  of  Tyrosine  Kinase 
Domains.  Crystal  structures  of  cAPK  with  and  without 
MgATP  show  that  the  ATP  binding  domain  can  rotate  away 
from  the  catalytic  domain  such  that  the  cleft  is  either  wide 
open  or  closed  (27).  Thus,  the  kinase  domain  may  exist  in 
either  an  open  form  (inactive)  or  closed  form  (active).  While 
the  active  form  of  cAPK  requires  bound  MgATP,  we  have 
shown  that  Mn2+  is  preferred  over  Mg2+  by  pl85c'neu  and 
EGFR  for  kinase  activity  (28).  We  therefore  used  MnATP  for 
our  calculations.  The  residues  in  the  ATP  binding  domain  and 
catalytic  region  are  conserved  in  all  kinases  but  the  activation 
loop  (184-200  of  cAPK)  is  the  most  variable  region  among 
kinases.  Choosing  an  alignment  for  the  autophosphorylation 
tyrosine  residues  in  pl85c‘neu  and  EGFR  (Tyr-882  in  pl85c'neu 
and  Tyr-845  in  EGFR)  proved  difficult,  and  the  tyrosines  were 
aligned  in  two  ways  within  the  activation  loop:  the  tyrosine 
residues  were  aligned  with  Thr-197  of  cAPK,  shown  to  be 
phosphorylated  in  the  crystal  structure,  and  alternatively,  as  an 
insert  in  the  activation  loop  (Fig.  1).  In  both  cases,  the  confor¬ 
mation  of  the  activation  loop  and  the  orientation  of  tyrosines 
were  very  similar,  suggesting  that  the  alignment  of  these  tyrosines 
was  not  critical.  The  final  alignment  (Fig.  1)  is  in  agreement  with 
an  alignment  developed  by  Knighton  et  al.  (29). 

Tyrosine  Kinase  Domain.  The  overall  structure  of  the 
kinase  domain  in  pl85c  neu  and  EGFR  is  very  similar  to  that  of 
cAPK.  The  conserved  parts  of  EGFR  and  pl85c  neu  have  an 
rms  deviation  of  0.43  A  and  0.34  A  and  the  overall  rms 
deviation  is  1.9  A  (Fig.  2).  The  secondary  structures  are 
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Fig.  1.  Sequence  alignment  of 
cAPK,  pl85c'neu,  and  EGFR.  The 
amino  acid  sequences  were  aligned 
based  on  the  crystal  structure  of  cAPK 
(18).  The  alignment  was  made  such 
that  the  secondary  structures  were 
conserved.  The  insertions  and  dele¬ 
tions  were  allowed  only  at  the  loops. 
The  identical  amino  acids  are  boxed. 
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Fig.  2.  Comparison  of  the  models  of  pl85c‘neu  and  EGFR  kinase 
domains.  pl85c  neu  (red)  and  EGFR  (magenta)  kinase  domain  are 
shown  as  trace.  The  kinase  domain  is  comprised  of  a  smaller  lobe  or 
a  ATP  binding  domain  and  a  catalytic  domain.  The  activation  loop  is 
located  between  catalytic  domain  and  the  ATP  binding  domain. 
Overall  secondary  structure  is  similar  in  both  the  models  of  pl85c'neu 
and  EGFR  kinase  domains.  The  most  variable  and  flexible  region  is 
the  activation  loop  where  the  autophosphorylation  tyrosines  are 
located.  The  ATP  binding  domain  (the  small  lobe)  is  more  conserved 
than  the  catalytic  domain. 

conserved  in  EGFR,  pl85c_neu,  and  cAPK  with  only  minor 
changes.  Naming  of  secondary  structures  follows  that  used  for 
cAPK  (18).  The  smaller  lobe  at  the  N  terminus  or  ATP  binding 
domain  is  rich  in  (3  strands,  and  the  large  lobe  at  the  C  terminus 
or  the  catalytic  domain  is  rich  in  a  helices.  Based  upon  the 
alignment,  the  pl85c  neu  and  EGFR  models  lack  the  (31  strand, 
/34  is  short,  and  the  (35  strand  is  longer.  The  region  [34  to  j35 
contains  sequences  that  are  not  conserved  with  respect  to 
cAPK.  One  of  the  two  helices  observed  in  the  small  lobe,  the 
aB  helix,  is  distorted  from  that  seen  in  cAPK  in  both  pl85c  neu 
and  EGFR  due  to  the  insertions  in  that  region.  The  helix  aD, 
which  is  close  to  the  hinge  region  in  cAPK,  is  also  distorted  in 
pl85c"neu  and  EGFR. 

Homodimers  and  Heterodimers.  Substrate  binding  region. 
Dimers  are  stabilized  by  (3  strands  at  the  top  and  by  the  two 
helices  aEF  and  aG  at  the  bottom  (Fig.  3c).  The  homodimers 
of  pl85c  neu  and  EGFR  are  shown  in  Fig.  3  a  and  b,  and  the 
heterodimers  are  shown  in  Fig.  3d,  which  shows  that  dimers 
have  a  similar  interface  geometry.  In  our  model,  the  het¬ 
erodimer  interface  is  formed  by  six  segments  from  pl85c  neu 
(727-740,  760-771, 795-799,  880-891, 899-901,  and  929-937) 
and  five  segments  from  EGFR  (696-701,  722-731,  845-864, 
and  891-904).  The  substrate  binding  region  in  the  dimers  is 
formed  at  the  interface  of  the  two  monomers  with  their 
MnATP  facing  each  other.  Both  the  heterodime  and  pl85c'neu 
homodimer  have  similar  binding  pocket  size.  The  substrate 
binding  region  is  20.6  A  wide,  and  the  interior  narrows  down 
to  7.2  A  and  then  widens  in  the  back  to  10.2  A.  Distance 
between  the  dimers  (as  measured  from  Cy  of  ATP)  is  about 
20.6  A.  The  EGFR-homodimer  is  28.9  A  wide  near  the 
substrate  binding  region  and  narrows  down  to  14.2  A  near  the 
center  of  the  cavity  and  in  the  back  widens  to  17.9  A.  The 
EGFR  dimers  are  separated  by  16.1  A. 

Association  of  dimers  and  tetramers.  Studies  on  protein- 
protein  interaction  have  identified  three  major  characteristics 
associated  with  these  interactions:  complementarity  of  shapes, 
a  large  area  buried  (or  loss  of  accessible  surface  area  upon 
dimerization),  and  finally,  contacts  are  often  dominated  by 


hydrophobic  interactions  (30,  31).  In  this  study  we  assumed 
minimal  structural  change  in  the  monomer  proteins  upon 
oligomerization.  The  oligomerization  of  pl85c_neu  and  EGFR 
was  analyzed  by  using  conformational  energy  calculations  and 
accessible  surface  area.  The  results  obtained  from  the  calcu¬ 
lations  of  accessible  surface  area  for  the  oligomers  and  mo¬ 
lecular  energy  calculation  are  shown  in  Table  1.  Surprisingly, 
the  nature  of  the  surface  at  the  interface  upon  oligomerization 
is  very  similar  in  both  homodimers  and  the  heterodimer.  The 
surface  is  predominately  formed  by  nonpolar  atoms  at  the 
interface.  Heterodimer  association  leads  to  a  loss  of  surface 
area,  which  is  about  2%  greater  than  in  the  homodimers.  In 
addition,  the  total  energy  of  the  heterodimer  is  lower  than  that 
of  the  homodimers  (Table  1).  Clearly,  the  total  energy  is 
dominated  by  electrostatic  interactions.  This  major  electro¬ 
static  energy  was  contributed  by  the  clustering  of  charges  on 
the  surface  and  the  interior  of  the  molecules.  The  core  is 
negatively  charged,  and  one  end  of  the  molecule  contains  a 
positively  charged  cluster  (Fig.  4).  In  the  heterodimer,  the 
positive  charges  span  from  one  side  of  EGFR  to  the  interface 
of  the  pl85c'neu.  The  positively  charged  surface  patch  is  formed 
by  residues  from  EGFR  (His-749,  Arg-752,  Lys-822,  and 
His-826)  and  pl85c"neu  (Arg-726,  Lys-727,  and  His-818).  The 
features  of  pl85c‘neu  and  EGFR  tetramers  are  similar  to  that 
of  dimers  (data  not  shown).  Energetic  and  surface  area 
calculations  suggest  that  the  tetrameric  association  of  pl85c"neu 
and  EGFR  is  less  stable  than  the  heterodimer. 

DISCUSSION 

Protein  kinases  share  a  high  degree  of  homology  in  the 
catalytic  domain,  whether  they  are  Ser/Thr  kinases  or  tyrosine 
kinases  (32).  Several  crystal  structures  of  Ser/Thr  kinases  have 
now  been  determined,  including  the  cAMP  dependent  kinase 
(18),  mitogen-activating  kinase  ERK-2  (33),  twitchin  kinase 
(34).  Recently,  the  kinase  domain  of  insulin  receptor  (IRK),  a 
member  of  the  tyrosine  kinase  family  was  determined  (35). 
These  protein  structures  reveal  that  the  kinase  domains  not 
only  share  sequence  homology  but  also  have  very  similar 
topologies.  Sequence  homology  among  the  kinase  family  mem¬ 
bers  has  helped  to  develop  an  informative  model  of  the  EGFR 
kinase  domain  (29).  pl85c‘neu  belongs  to  class  I  type  receptors 
and  is  very  similar  to  EGFR,  sharing  82%  amino  acid  sequence 
homology  in  the  tyrosine  kinase  domain. 

The  ATP  binding  domain  is  mostly  conserved  in  both 
cAMP-dependent  kinases  and  in  the  kinase  domains  of  RTK. 
The  sequence  alignments  of  kinases  show  that  the  Ser/Thr 
kinases  contain  a  flexible  hinge  sequence  (Gly-125-Gly-126) 
near  the  ATP  binding  region  (Fig.  1).  This  has  been  replaced 
by  Gly-Cys  in  tyrosine  kinases.  Structurally,  this  indicates  that 
pl85c'neu  and  EGFR  have  less  freedom  to  open  and  close  than 
Gly-Gly-containing  kinases.  In  comparison  to  cAPK  (a  Ser/ 
Thr  kinase),  there  is  an  additional  helix,  disposed  near  the 
activation  loop  of  pl85c_neu  and  the  EGFR  tyrosine  kinases. 
The  minor  changes  in  the  secondary  structural  features  of 
pl85c"neu  and  EGFR  kinase  domains  are  consistent  with 
characteristics  observed  in  both  the  IRK  (35)  and  EGFR 
models  (29).  The  amino  acid  residues  involved  in  ATP  binding 
are  conserved  in  all  the  tyrosine  kinases,  including  pl85c'neu 
and  EGFR.  In  pl85c  neu,  the  ligand  ATP  is  neutralized  by  two 
charged  residues,  Lys-758  and  Arg-854,  in  comparison  to  only 
Lys-72  in  cAPK.  The  role  of  Lys-758  in  pl85c'neu  has  been 
shown  to  be  critical  for  kinase  activity.  Mutation  of  this  residue 
abolishes  the  kinase  activity  and  also  abrogates  cellular  trans¬ 
formation  (9).  In  EGFR,  Lys-721  and  Arg-817  may  play  a 
similar  role. 

The  catalytic  site,  where  phospho-group  transfer  occurs,  is 
located  between  the  ATP  binding  and  catalytic  domains.  The 
putative  catalytic  site  in  pl85c_neu  is  formed  by  Lys-758, 
Glu-775,  Asp-850,  Arg-854,  and  Asp-868,  as  discerned  from 
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Fig.  3.  Oligomerization  of  the  kinase  domains  of  pl85c  ncu  and  EGFR.  The  molecules  are  viewed  down  the  autophosphorylation  tyrosines.  Each 
molecule  within  a  given  homodimer  is  shown  in  different  color.  The  autophosphorylation  tyrosine  is  shown  in  pink,  and  MnATP  moiety  is  shown 
in  yellow.  The  space-filling  model  of  pl85c'ncu  homodimer  shows  that  the  autophosphorylation  tyrosine  is  close  to  the  substrate  binding  domain 
and  fully  exposed  (a),  while  in  homodimer  of  EGFR  the  autophosphorylation  site  is  partially  buried  and  much  closer  to  the  substrate  binding  region 
(b)  (sec  text  for  discussion),  (c)  Fleterodimer  formation  is  shown  as  ribbon  model  to  highlight  the  complementarity  between  the  pl85c'llc"  and  EGFR. 
The  pl85c'ncl'  monomer  is  shown  in  purple  and  EGFR  by  yellow.  The  two  molecules  are  stabilized  by  a  pair  of  /3  sheets  in  the  ATP  binding  domain 
and  by  an  a  helix  in  the  catalytic  domain,  (cl)  Space-filling  model  of  heterodimer  of  EGFR  (red)  and  pl85c‘ncu  (blue).  In  the  heterodimer,  the 
intcrmolecular  interactions  arc  different  than  those  of  the  homodimers,  and  based  on  energetic,  heterodimer  formation  is  more  stable  than 
homodimers.  The  autophosphorylation  tyrosines  (pink)  are  poised  in  such  a  fashion  that,  in  heterodimers,  these  tyrosines  might  act  like  a  gate  to 
modulate  and  control  signal  transduction  by  altering  structure  and  selection  of  substrate  (see  text  for  details). 


crystal  structures  of  kinases.  In  the  catalytic  region  of  both 
pl85c-ncu  ancj  EGFR,  the  Lys-Pro-Glu  of  cAP^K  has  been 
substituted  by  Ala-Ala-Arg,  a  feature  suggested  to  be  charac¬ 
teristic  of  the  tyrosine  kinase  family  proteins  (29).  The  struc¬ 
tural  features  of  the  ATP  binding  domain  is  conserved  despite 
the  fact  residues  Lys-168  and  Glu-170  in  cAPK  are  changed  to 
alanine  and  arginine  in  both  pl85c_ncu  and  EGFR.  The  arginine 
residue  in  pl85c‘ncl1  and  F.GFR  may  play  a  different  role  in 
stabilizing  charge  distribution  in  the  substrate  binding  domain. 


Nonconserved  residues  in  the  kinase  domains  of  pl85c‘ncu 
and  EGFR  are  located  near  the  activation  loop  and  near  the 
surface  of  the  molecule.  The  most  variable  region,  the  activa¬ 
tion  loop,  is  distinct  in  both  pl85c‘nel1  and  the  EGFR  and 
remains  flexible  in  both  (Fig.  2).  We  consider  the  activation 
loop  as  perhaps  the  most  defining  region  of  a  particular  kinase. 
The  activation  loop  contains  some  of  sites  for  autophosphor¬ 
ylation.  In  the  case  of  EGFR,  the  Tyr-845  is  partially  oriented 
toward  the  active  site,  whereas  in  pl85c"ncu,  Tyr-882  appears  to 


Table,  1.  Results  of  energy  and  surface  calculations  for  oligomers  of  the  kinase  domains  of  pl85L‘ncu 
and  EGFR 


Surface  accessibility 

neu-neu 

EGFR-EGFR 

neu-EGFR 

Tetramer* 

Buried,  A2 

1653 

1553 

2536 

5670 

Hydrophilic 

458  (28%) 

477  (31%) 

581  (23%) 

1481  (26%) 

Hydrophobic 

Energy,  keal/mol 

1195  (72%) 

1075  (69%) 

1955  (77%) 

4189  (74%) 

VDW  contribution 

-2870 

-2560 

-3201 

-414 

Electrostatic 

-30874 

-29686 

-31028 

-47113 

Surface  accessibility  and  intcrmolecular  energy  were  calculated  by  using  ouanta  (Molecular  Simu¬ 
lations)  with  a  probe  radius  of  1.4  A. 

■"Calculations  were  performed  by  using  xplor  (19). 
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Fig.  4.  Surface  model  of  heterodimer  of  the  kinase  domains  of 
pl85c'neu  and  EGFR.  Blue  color  represents  the  distribution  of  positive 
charges,  and  red  represents  the  negative  charges.  The  surface  charge 
distribution  shows  separation  of  charge  clusters.  A  dipole  induced  by 
the  charge  separation  might  initiate  oligomerization  when  kinase 
domains  approach  within  close  proximity  and  also  act  as  a  stabilizing 
force. 

be  disposed  on  the  surface.  This  feature  was  rather  unexpected 
given  the  observation  that  in  the  crystal  structures  of  cAPK 
and  IRK,  the  equivalent  self-phosphorylation  sites  oriented 
toward  the  active  site.  The  environment  of  the  Tyr-882,  the 
autophosphorylation  site,  is  more  negative  in  pl85c‘neu  than 
the  autophosphorylation  site  of  cAPK  or  IRK.  In  the  activa¬ 
tion  loop,  the  autophosphorylation  sites  in  pl85c'neu,  EGFR, 
and  cAPK  are  preceded  by  an  amino  acid  sequence  Asp-Glu- 
Thr-Glu,  Glu-Glu-Lys-Glu,  and  Gly-Arg-Thr-Trp,  respectively 
(Fig.  1).  Lack  of  a  positive  charge  near  the  autophosphoryla¬ 
tion  site  leaves  the  activation  loop  in  pl85c'neu  negative,  and 
this  feature  disposes  Tyr-882  on  the  surface  pointing  toward 
the  active  site.  The  IRK  activation  loop  has  been  observed  to 
be  very  mobile  as  judged  by  high  thermal  factors  (35).  The 
mobility  of  the  activation  loop  is  consistent  with  large  move¬ 
ment  of  this  region  observed  in  pi  85c_neu  and  EGFR  during  the 
short  molecular  dynamics  calculation  we  have  undertaken. 
During  the  dynamics  calculation,  we  observed  that  some 
autophosphorylation  tyrosines  could  fold  inwards  for  cis- 


Fig.  5.  Space-filling  model  of  tetrameric  association  of  the  kinase 
domains  of  pl85c"ncu  and  EGFR.  The  tetramer  is  viewed  down  the 
pseudo-4-fold  axis,  tilted  toward  the  viewer.  The  autophosphorylation 
tyrosines  of  pl85c'neu  and  EGFR  are  more  involved  in  tetrameric 
structural  integrity,  where  any  change,  such  as  phosphorylation  or 
mutation,  might  induce  an  allosteric-related  structural  change. 


phosphorylation.  The  positively  charged  residue  preceding 
Tyr-845  in  the  EGFR  is  attracted  toward  the  negatively 
charged  catalytic  site,  favoring  the  activation  loop  to  fold 
inwards.  No  such  force  was  exerted  on  the  activation  loop  of 
pl85c_neu  to  fold  inwards.  This  results  in  the  autophosphory¬ 
lation  site  of  EGFR  (Tyr-845)  being  partially  buried,  while  the 
autophosphorylation  tyrosine  Tyr-882  of  pl85°‘neu  appears  on 
the  surface.  In  ERK-2,  one  of  the  autophosphorylation  sites, 
Thr-183,  preceded  by  uncharged  residues,  is  also  observed  on 
the  surface  and  is  phosphorylated. 

The  substrate  binding  pocket  in  dimers  of  pl85c  neu  and 
EGFR  is  wide  near  the  substrate  binding  region  of  the 
monomer,  narrow  near  the  active  sites,  and  wide  again  at  the 
back.  Although  the  substrate  binding  pocket  in  dimers  has 
similar  shape,  the  dimension  of  the  pocket  is  different.  Both 
the  pl85c'neu  homodimer  and  the  heterodimer  have  smaller 
binding  pockets  compared  to  the  binding  pocket  of  EGFR. 
The  substrate  binding  pocket  of  the  EGFR  homodimers  is 
widened  by  the  presence  of  Tyr-891  located  near  the  interface. 
The  difference  in  the  size  of  binding  pockets  among  the  dimers 
suggests  that  the  dimers  might  be  used  to  recruit  different 
substrates  of  different  sizes  in  a  structure  dependent  manner. 

Jones  and  Thornton  (36),  in  a  recent  survey  of  protein- 
protein  interactions  of  dimers,  suggest  that  the  amino  acid 
composition  at  the  interface  of  dimers  can  be  hydrophilic, 
resembling  the  surface  of  a  protein.  Nevertheless,  the  interface 
is  stabilized  by  hydrophobic  interactions  rather  than  hydro¬ 
philic  interactions.  In  general,  the  protein  dimers  are  stabilized 
by  an  average  of  8  hydrogen  bonds  per  1000  A2  buried  surface 
(36).  Results  from  our  analysis  of  pl85c_neu-EGFR  dimers  are 
consistent  with  their  results.  Our  data  also  indicate  that  the 
interfaces  of  homodimers  and  heterodimers  of  pl85c_neu  and 
EGFR  are  equally  rich  in  hydrophobic  residues.  The  distribu¬ 
tion  of  hydrophobic  residues  at  the  interface  would  increase 
the  avidity  to  form  dimers  and  energetically  act  like  a  glue  (37). 
The  dimeric  surface  of  pl85c_neu  and  EGFR  is  stabilized  by  an 
average  of  15  hydrogen  bonds.  The  average  area  of  surface  lost 
on  dimer  formation  of  pl85c_neu  and  EGFR  is  1696  A,  and  it 
is  contributed  by  68.1%  of  nonpolar  atoms  and  21.9%  by  polar 
atoms.  These  values  are  also  in  the  range  with  that  observed 
for  other  protein  dimers  surveyed  by  Jones  and  Thornton  (36). 

Results  from  the  conformational  energy  calculations  indi¬ 
cate  that  heterodimers  would  be  preferred  over  homodimers. 
In  addition,  the  larger  area  of  buried  surface  in  forming 
heterodimers  over  homodimers  suggests  that  the  heteromer 
would  be  more  stable  than  the  homomer.  Thus,  if  a  cell 
expresses  both  pl85c  neu  and  EGFR,  then  heterodimer  forma¬ 
tion  would  be  favored  over  homodimer  formation.  This  is  in 
agreement  with  our  biochemical  observations  (14)  that  coex¬ 
pression  of  truncated  pl85c  neu  and  full  length  EGFR  results  in 
a  predominant  intermediate  size  heterodimer  over  either 
pl85c  neu  or  an  EGFR  homodimer. 

Fig.  4  shows  the  surface  charge  distribution  in  the  het¬ 
erodimer.  The  core  is  negatively  charged,  and  one  end  of  the 
molecule  contains  a  positively  charged  cluster.  The  positive 
charge  spans  from  one  side  of  EGFR  to  the  interface  of  the 
pl85c-neu  a  similar  charge  distribution  is  observed  in  the 
homodimers.  The  separation  of  charges  suggests  that  the 
dimers  might  be  stabilized  by  a  net  dipole-dipole  interaction 
when  the  two  kinase  domains  are  juxtaposed.  Thus,  the 
distance  within  which  the  kinase  domains  must  be  brought  into 
juxtaposition  would  be  critical.  In  support  of  this  concept, 
bivalent  monoclonal  antibodies  have  been  shown  to  induce 
dimerization  where  as  the  Fab  fragment  derived  from  the 
monoclonal  alone  failed  to  do  so  (38).  It  is  structurally  possible 
that  the  antibody,  with  two  Fab  fragments  disposed  apart  at 
least  by  about  36  A,  can  bind  to  two  receptors  and  bring  them 
within  a  distance  that  might  induce  a  favorable  dipole-dipole 
interaction  between  the  kinase  domains. 
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It  is  known  that  autophosphorylation  plays  a  crucial  role  in 
signal  transduction  (39).  Various  receptors  have  a  tendency  to 
phosphorylate  both  cis  and  trans  on  either  Ser/Thr  or  Tyr.  In 
the  case  of  pl85c_neu  and  EGFR,  most  of  the  autophosphor¬ 
ylation  sites  are  located  outside  of  the  kinase  domain,  at  the  C 
terminus  of  the  receptor.  The  complete  role  of  the  autophos¬ 
phorylation  sites  in  the  kinase  domain  is  not  known  defini¬ 
tively,  but  autophosphorylated  tyrosines  have  been  implicated 
as  binding  site  for  Src  homology  2  domain-containing  sub¬ 
strates  (44).  The  autophosphorylation  sites  Tyr-882  in  pl85c" 
ncu  and  Tyr-845  in  EGFR  are  located  in  the  activation  loop  and 
near  the  interface  of  the  dimer.  The  orientation  of  these 
tyrosine  are  very  different  in  pl85c  ncu  and  EGFR,  although 
they  are  located  at  the  same  place  within  the  activation  loop. 
In  the  pl85c'ncu  homodimer,  the  autophorylation  tyrosine 
(Tyr-882)  is  pointing  outwards  (Fig.  3a),  suggesting  that  this 
tyrosine  may  not  be  involved  in  the  cis-phosphorylation  and 
would  not  affect  kinase  activity.  In  contrast,  the  autophos¬ 
phorylation  tyrosine  in  EGFR  (Tyr-845)  is  partially  buried 
(Fig.  3b),  suggesting  that  the  tyrosine  can  undergo  cis- 
autophosphorylation.  These  tyrosines  in  EGFR  are  located 
about  15  A  away  from  the  interface  of  the  dimer  and  oriented 
toward  the  substrate  binding  region,  such  that  they  could 
influence  substrate  binding.  Thus,  the  model  suggests  that  in 
the  case  of  pl85c'ncu,  that  autophosphorylation  of  Tyr-882 
might  not  be  critical  to  kinase  activity.  However,  this  residue 
may  be  phosphorylated  by  other  proteins,  provided  it  is  not 
buried  by  the  C-terminal  residues.  Thus,  the  location  and 
orientation  of  these  tyrosines  implies  that  they  play  a  critical 
role  in  the  selection  of  substrates  in  various  protein  aggrega¬ 
tion  states. 

The  C  terminus  of  the  cytoplasmic  domain  is  not  conserved 
within  the  tyrosine  kinase  family  receptors  (40).  Lack  of 
sequence  homology  limits  modeling  of  this  fragment.  In  the 
crystal  structure  of  cAPK  (18)  and  twitchin  kinase  (34),  the  C 
terminus  (regions  outside  the  kinase  domain)  folds  back  close 
to  the  active  site  of  the  enzyme.  It  is  possible  that  nonhomolo- 
gous  proteins  within  a  family  will  have  similar  structures  (41). 
Based  on  such  observations,  the  C  terminus  of  both  pl85c  ncu 
and  EGFR  might  fold  back  and  approximate  to  the  active  site. 

EGFR  and  pl85c'ncu  may  also  undergo  higher  orders  of 
aggregation  (42).  Yarden  and  Schlessinger  (38)  have  demon¬ 
strated  that  noncovalent  forces  appear  relevant  to  EGFR 
oligomerization  using  nondenaturing  gel  analysis.  Lax  et  al. 
(43)  have  shown  that  EGFR  can  undergo  higher  order  of 
oligomerization  upon  binding  to  EGF.  Formation  of  dimers 
and  tetramers  have  been  deduced  from  electron  microscopic 
analysis.  Assuming  the  aggregation  is  ordered  and  specific  for 
dimers,  the  next  higher  order  of  aggregation  would  be  a 
tetramer.  Model  building  shows  that  such  a  possibility  exists. 
The  substrate  binding  region  in  the  tetrameric  form  is  very 
similar  to  that  of  the  dimers.  However,  the  interactions  among 
the  subunits  of  pl85c'ncu  and  EGFR  are  very  different.  In  a 
tetramer,  the  role  of  these  tyrosines  may  even  involve  struc¬ 
tural  changes  induced  by  an  allosteric  effect  (Fig.  5).  One  of  the 
important  consequences  is  that  the  autophosphorylation  ty¬ 
rosines  are  positioned  at  the  interface  like  a  gate,  resulting  in 
less  freedom  of  movement  among  the  subunits.  Thus,  it  is 
possible  that  in  a  cell  expressing  both  pl85c"ncu  and  EGFR, 
dimers  would  be  formed  initially,  and  over  time  the  dimers 
could  associate  as  tetramers.  This  transition,  then,  might  be 
used  to  regulate  signals  and  to  provide  unique  scaffolds  for 
adaptor  molecules 

Our  modeling  investigated  several  features  of  homodimeric 
and  heteromeric  complexes  of  pl85c_ncu  and  EGFR  kinase 
domains.  Our  study  demonstrates  the  propensity  of  kinase 
domains  to  complex  within  a  cell  and  features  of  the  nature  of 
these  complexes.  Consistent  with  observed  biochemical  data, 
our  model  confirms  that  heterodimers  would  be  preferred  over 
homodimers.  Our  models  also  suggest  that  the  autophosphor¬ 


ylation  tyrosine  in  the  kinase  domains  might  be  involved  in 
altering  the  oligomeric  structure  by  allosteric  mechanism  to 
recruit  different  substrates  without  altering  kinase  activity. 
These  models  may  facilitate  the  design  and  development  of 
inhibitors  of  heteromeric  kinase  complexes  that  are  relevant  to 
neoplastic  disease. 
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Autophosphorylation  of  type  I  receptor  tyrosine  kinases 
(RTKs)  comprises  one  step  in  the  signaling  events 
mediated  by  erbB  receptors  such  as  pl85" "  and  EGFR. 
Previous  analysis  of  pl85""  has  indicated  that  there  are 
at  least  five  tyrosine  autophosphorylation  sites,  Y882, 
Y1028,  Y1143,  Y1226/7  and  Y1253,  of  which  Y882 
might  be  important  because  of  its  location  in  the  kinase 
activity  domain.  We  have  specifically  analysed  the  effect 
of  a  Y882F  (phenylalanine  substituted  for  tyrosine  at 
position  882)  mutation  in  the  enzymatic  active  domain. 
We  also  deleted  the  carboxyl  terminal  122  amino  acids 
which  contained  three  other  autophosphorylation  sites 
(TAPstop)  and  combined  mutants  of  that  deletion  with 
Y882F  (Y882F/APstop).  Both  in  vitro  and  in  vivo 
transformation  assays  showed  that  substitution  of 
tyrosine882  by  phenylalanine  significantly  decreased  the 
transforming  potential  of  activated,  oncogenic  pl85" ", 
although  no  significant  difference  in  the  total  phospho- 
tyrosine  levels  of  the  mutant  proteins  were  observed.  To 
analyse  mitogenic  signaling  in  response  to  ligand,  the 
intracellular  domains  of  pl85,,l“  and  Y882F  were  fused 
with  the  extracellular  domain  of  the  EGF  receptor.  The 
proliferation  of  cells  expressing  these  chimeric  receptors 
was  EGF-dependent,  and  cells  expressing  EGFR/Y882F 
chimeric  receptors  were  less  responsive  to  EGF  stimula¬ 
tion  than  those  expressing  EGFR/neu  receptors.  In  vitro 
kinase  assays  demonstrated  that  abolishing  the  autopho¬ 
sphorylation  site  Y882  diminished  the  enzymatic  tyrosine 
kinase  activity  of  pi  85"  ".  These  studies,  taken  together 
with  the  phenotypic  inhibition  observed  with  cells 
expressing  Y882F,  suggest  that  the  tyrosine882  residue 
may  be  important  for  pl85"  "-mediated  transformation  by 
affecting  the  enzymatic  kinase  function  of  the  pi 85"  " 
receptor. 

Keywords:  pi 85"™;  tyrosine  kinase;  Y882;  transforma¬ 
tion 


Introduction 

Activation  of  erbB  receptor  tyrosine  kinases,  such  as 
pi 85"™  and  the  EGFR,  involves  oligomerization  of 
receptors  (reviewed  in  Heldin,  1995).  Mutation  and 
overexpression  of  erbB  family  receptors  has  been  found 
to  lead  to  receptor  activation  by  inducing  the 
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formation  of  dimeric  and  oligomeric  forms  (Weiner  et 
al.,  1989;  Samanta  et  al.,  1994).  The  net  effects  of 
oligomerization  are  both  enhanced  kinase  activity  and 
subsequent  signal  transduction  (Samanta  et  al.,  1994). 
Activation  of  erbB  family  receptors  results  in  self¬ 
phosphorylation  of  receptors  by  an  intermolecular 
mechanism  and  in  the  phosphorylation  of  substrates 
which  are  critical  in  initiating  signal  transduction 
events  required  for  cell  growth  and  differentiation 
(Ullrich  and  Schlessinger,  1990;  Carraway  and  Cantley, 
1994).  The  interactions  between  receptor  tyrosine 
kinases  and  specific  signaling  proteins  is  in  part 
governed  by  phosphorylation  at  particular  tyrosine 
residues  in  the  carboxyl  terminus  of  these  receptors  (see 
Carter  and  Kung,  1994;  Dougall  et  al.,  1994).  Receptor 
autophosphorylation  is  therefore  not  only  required  for 
direct  interaction  and  phosphorylation  of  protein 
substrates,  but  also  is  felt  to  be  important  in  the 
regulation  of  the  enzymatic  tyrosine  kinase  activity. 

In  the  case  of  EGFR,  self-phosphorylation  of  the 
cytoplasmic  domain  is  known  to  occur  at  five  tyrosine 
residues  located  in  the  carboxyl  terminus  outside  of  the 
enzymatic  kinase  domain  (Y992,  Y1068,  Y1086,  Y1148 
and  Y 1 173)  (see  Carter  and  Kung,  1994).  Many 
kinases  are  also  activated  by  phosphorylation  of  a 
conserved  Thr  or  Tyr  site  that  lies  within  the  catalytic 
core  of  the  kinase  domain.  For  example,  a  conserved 
tyrosine  residue  within  the  kinase  domain  of  the  v.c-.nr 
kinase  has  been  located  at  position  Y416  (Hanks  et  al., 
1988).  Autophosphorylation  of  this  site  is  important 
for  regulating  kinase  enzymatic  function  and  biological 
activity  of  the  sre  kinase  (Kmiecik  and  Shalloway, 
1987;  Piwnica  et  al.,  1987).  The  corresponding  tyrosine 
residue  is  important  for  regulating  kinase  function  in 
many  other  receptor  and  cytoplasmic  tyrosine  kinases, 
including  v-fps  (Weinmaster  et  al.,  1984),  the  insulin 
receptor  (Ellis  et  al,  1986),  the  colony  stimulating 
factor  I-receptor  (CSF-IR)  (Roussel  et  al.,  1990;  Van 
de  Geer  and  Hunter,  1991),  and  the  platelet-derived 
growth  factor  receptor  (PDGFR)  (Fantl  et  al.,  1989; 
Morrison  et  al.,  1990).  However,  the  analogous  site 
within  the  catalytic  core  of  the  EGFR  kinase  domain, 
Y845,  has  been  reported  to  be  less  relevant  for  tyrosine 
autophosphorylation  of  the  mature  170  kDa  EGFR, 
EGF-induced  stimulation  of  DNA  synthesis,  or  EGF- 
dependent  transformation  of  NIH3T3  cells  (Gotoh  et 
a!.,  1992).  Nevertheless,  mutations  in  charged  residues 
adjacent  to  Y845  decrease  the  Vmax  for  receptor  self¬ 
phosphorylation,  suggesting  that  this  surface  region 
stabilizes  the  catalytic  core  of  the  kinase  domain  and  is 
important  for  maximal  self-phosphorylation  activity  of 
the  kinase  domain  (Timms  et  al.,  1995). 
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pi  85“'"  is  also  tyrosine-phosphorylated  on  five  sites, 
Y882,  Y1028,  Y1143,  Y1226/7  and  Y1253  (see  Dougall 
et  ah,  1994).  Residue  Y882  corresponds  to  position 
Y845  of  the  EGFR  and  we  have  deduced  its  position 
through  molecular  modeling  of  the  kinase  domain 
(Murali  et  al.,  1996).  In  order  to  address  whether 
position  Tyr-882  is  important  for  pi 85"™  receptor 
autophosphorylation  and  transformation  mediated  by 
oncogenic  pl85“'",  we  constructed  a  mutant  neu  cDNA 
encoding  the  rat  neu  activating  transmembrane  point 
mutation  and  a  phenylalanine  (F)  residue  at  position 
882  (Y882F).  In  another  pair  of  mutants,  we  deleted 
the  carboxyl  terminal  122  amino  acids  which  included 
the  last  three  autophosphorylation  sites  in  the  carboxyl 
terminal  (TAPstop)  (Mikami  et  al.,  1992)  and  also 
combined  it  with  Y882F  (Y882F/APstop).  Tyr-882 
residue  appears  important  for  both  the  regulation  of 
enzymatic  kinase  function  of  pi 85""'  and  for  some 
downstream  signaling  events  mediated  by  pi 85“'" 
receptors.  These  studies  may  facilitate  the  develop¬ 
ment  of  site-specific  inhibitors  of  kinase  activation 
which  inhibit  signal  transduction  events  contributing  to 
oncogenic  transformation. 


Results 

Tyrosine  autophosphorylation  of  oncogenic  pl85"cu 
(Tneu)  and  mutant  neu  derivatives  in  vivo 

Schematic  representation  of  rat  pi  85“'"  and  derived 
mutant  protein  structures  are  shown  in  Figure  1.  Tneu 
refers  to  the  full-length  oncogenic  pi 85“'"  receptor 
which  contains  the  activating  transmembrane  point 
mutation  (V664E).  All  mutant  neu  constructs  were 
derived  from  Tneu  and  therefore  contain  the  activating 
transmembrane  point  mutation.  Site-directed  mutagen¬ 
esis  was  used  on  the  Tneu  construct  to  generate  a 
phenylalanine  (F)  at  position  882  instead  of  a  tyrosine 
(Y).  Tneu  and  Y882F  were  used  to  generate  an 
additional  set  of  mutants,  TAPstop  and  Y882F/ 
APstop,  respectively,  by  deleting  122  amino  acids 
from  the  carboxyl  terminus.  Additionally,  a  mutant 
chimera,  EGFR/Y882F,  was  generated  from  the 
EGFR/neu  chimeric  receptor.  These  mutant  proteins 
were  expressed  in  NR6  cells,  a  fibroblast  cell  line  which 
lacks  endogenous  EGF  receptors  (Pruss  and  Hersch- 
man,  1977).  Stable  cell  lines  expressing  each  mutant 
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Figure  1  Schematic  representation  of  rat  pi 85“’"  and  derived  mutant  protein  structures.  The  cell  lines  derived  to  express  various 
pi 85“’"  mutant  receptors  are  listed  in  addition  to  the  individual  mutant  receptors.  Location  of  simplified  ectodomain,  including  two 
cysteine-rich  subdomains  (CRD),  transmembrane  region  (TM),  tyrosine  kinase  domain  (TK),  internalization  sequence  (Int  seq),  and 
potential  autophosphorylation  sites  of  carboxyl  terminal  tyrosine  residues  (Y)  are  indicated.  Tneu  refers  to  full-length  oncogenic 
pi 85"™  containing  the  transmembrane  point  mutation,  V664E  (*).  Y882F  has  a  phenylalanine  substitution  for  tyrosine  at  the  882 
residue.  TAPstop  and  Y882F/APstop  are  derived  from  Tneu  and  Y882,  respectively,  by  deleting  122  amino  acid  residues  from 
carboxyl  terminus  (CT).  EGFR/neu,  a  gift  from  K  Alitalo  (University  of  Helsinki),  is  a  wild-type  chimera  containing  the 
ectodomain  and  transmembrane  region  of  EGFR,  and  the  intracellular  domain  of  pi  85“’".  The  mutant  chimera,  EGFR/Y882F  was 
derived  from  EGFR/neu  and  Y882F  by  subcloning.  The  number  of  potential  tyrosine  autophosphorylation  sites  for  each  mutant  is 
also  listed 
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constructs  were  established  and  designated  as  shown  in 
Figure  1. 

Immunoprecipitation  of  mutant  pi  85'""  forms 
followed  by  immunoblotting  with  an  anti-phosphotyr- 
osine  antibody  was  performed  in  order  to  assess 
whether  substitution  of  tyrosine-882  was  associated 
with  a  reduction  in  total  phosphotyrosine  content  of 
oncogenic  pi 85"™  immuno-complexes  (Figure  2,  lanes 
1-4).  The  same  blot  was  stripped  and  re-probed  with 
the  anti-Neu  antibody  a-Bacneu  to  verify  the  receptor 
protein  level  (Figure  2,  lanes  5-8).  The  phospho- 
tyrosinc  content  was  estimated  by  scanning  densito¬ 
metry  (not  shown).  Cells  expressing  Y882F  (designated 
T882)  appeared  to  have  comparable  levels  of  total 
phospho-tyrosine  content  of  the  receptor  compared 
with  oncogenic  neu  expressing  cells  (designated  Tneu) 
(Figure  2,  lanes  1  -2  and  5-6).  Comparable  levels  were 
also  observed  in  a  comparison  between  mutants 
TAPstop  (TAPstop  cells)  and  Y882F/APstop 
(TAP882  cells)  (Figure  2,  lanes  3-4  and  7-8). 

It  is  noteworthy  that  the  mutant  TAP882,  although 
missing  four  out  of  five  known  tyrosine  phosphoryla¬ 
tion  sites,  still  exhibited  a  high  phospho-tyrosine 
content  (Figure  2,  lane  4).  This  observation  supports 
the  notion  that  there  exist  some  cryptic  tyrosine 
phosphorylation  sites  other  than  the  known  ones  of 
the  erbB  family  of  RTKs.  Notably,  replacing  all  the 
five  known  sites  in  EGFR  could  not  completely 
eliminate  tyrosine  phosphorylation  of  the  receptor 
upon  ligand  stimulation  (Decker,  1993;  Li  et  al.,  1994). 

In  cells  expressing  the  full-length  pi 85"™  mutants 
(Tneu  and  T882  lines),  an  additional  faster  migrating 
form  of  the  protein  was  observed  which  presumably 
represents  a  precursor  form  of  pi 85"™  (Figure  2,  lanes 
1  -2  and  3  4).  We  and  others  have  noted  these  protein 
forms,  particularly  in  quiescent  cells  expressing  proto- 
oncogenic  pl85"‘"  (Kiyokawa  et  al.,  1995),  and  has 
been  interpreted  as  a  form  of  the  receptor  with  altered 
phosphorylation  of  serine  and/or  threonine  residues. 
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Figure  2  Immunodetection  of  mutant  pi 85'"'"  proteins.  The  total 
phosphotyrosine  level  of  pi 85'"'"  is  not  significantly  changed  by 
the  substitution  of  tyrosine-882  with  phenylalanine.  Cell  lysates 
were  prepared  from  cell  lines  indicated  above  (Figure  1)  and  were 
subjected  to  immunoprecipitation  using  anti-neu  rnAb  7.16.4.  The 
protein  samples  were  separated  by  6%  SDS-PAGE  and 
transferred  onto  nitrocellulose  membranes  followed  by  immuno¬ 
blotting  with  anti-phosphotyrosine  antibody  pY20  (Santa  Cruz) 
(a)  or  the  anti-p  1 85'"'"  antibody  Bacneu  (b).  All  protein  signals 
were  visualized  using  the  enhanced  chemiluminescence  (ECL) 
technique  (Amersham).  Molecular  weight  markers  (in  kDa)  are 
indicated  on  the  right  of  the  panel  and  the  positions  of  full  length 
(pi 85)  and  truncated  pi 85"™  proteins  are  shown  (arrow).  The 
slightly  high-mobility  precursor  forms  of  full  length  neu  proteins 
(lanes  1,  2,  5  and  6)  were  also  denoted  (*) 
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Our  results  indicate  that  this  precursor  form  of  pi 85"™ 
is  also  differentially  phosphorylated  on  tyrosine 
residues.  The  greater  abundance  of  the  tyrosine 
phosphorylated  precursor  form  of  Y882F  may  be  of 
relevance  to  the  biologic  data  described  below. 
Deletion  of  the  carboxyl-terminal  122  amino  acids 
produced  a  protein  of  approximately  170-175  kDa 
and  resulted  in  the  detection  of  only  one  form  of 
mutant  pi 85"™  receptor. 


Effect  of  Y882F  substitution  on  in  vitro  kinase  activity 
of  pl85"c" 

Anti-neu  immuno-complexes  from  cell  lines  expressing 
pl85"™-derived  mutant  proteins  were  suspended  in 
kinase  reaction  buffer  containing  [y32P]ATP  and 
protein  samples  were  then  separated  by  8%  SDS- 
PAGE  (Figure  3a).  Y882F  mutant  neu  proteins 
expressed  in  T882  cells  have  a  dramatically  reduced 
total  phosphorylation  content  in  this  assay  compared 
to  oncogenic  pi 85"™  (Figure  3a,  lanes  1  and  2). 
Additionally,  deletion  of  the  carboxyl  terminal  122 
amino  acids  caused  a  similar  reduction  of  total 
phosphotyrosine  content  (Figure  3a,  lanes  3  and  4)  of 
mutant  neu  proteins  of  170-175  kDa,  suggesting  that 
the  reduced  autophosphorylation  of  Y882F  could  not 
be  explained  by  decreased  autophosphorylation  of  the 
three  terminal  autophosphorylation  sites.  In  addition 
to  decreased  autophosphorylation  of  p  185'""  receptors, 
substitution  of  tyrosine-882  resulted  in  decreased 
phosphorylation  of  exogenous  substrates  Histone  III 
(Figure  3b).  Differences  were  more  pronounced 
between  cells  expressing  Tneu  and  Y882F  (Figure  3b, 
lanes  1  and  2)  than  between  cells  expressing  TAPstop 
and  Y882F/APstop  (Figure  3b,  lanes  3  and  4). 


Figure  3  In  vitro  kinase  assay,  (a).  Anti-neu  immune  complexes 
from  various  transfected  cells  were  suspended  in  50  ml  of  kinase 
reaction  buffer  containing  0.2  mCi  [y3~P]ATP  at  room  tempera¬ 
ture  for  30  min.  Protein  samples  were  separated  by  6%  SDS- 
PAGE  and  analysed  by  autoradiography.  Phosphorylation  of 
exogenous  substrate  histone  III  by  immune  complexes  from  each 
cell  line  are  shown  in  the  bottom  panel  (15%  SDS-PAGE)  (b) 
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TAPstop  also  showed  reduced  kinase  activity  com¬ 
pared  with  the  full  length  oncogenic  Tneu.  This  result 
suggests  that  the  conformational  changes  resulting 
from  the  deletion  of  the  carboxyl  terminal  122  amino 
acids  influences  substrate  accessibility  to  the  activation 
loop  of  the  pi 85"™  kinase  domain,  although  this  may 
not  be  generalizable  to  all  biological  substrates. 
Decreased  tyrosine  in  vitro  kinase  activity  of  pi 85”™ 
mutant  receptor  proteins  was  consistently  observed  in 
lysates  derived  from  various  Y882F  mutant  cells  lines 
(T882,  TAP882). 


Y882F  substitution  inhibits  EGF-induced  cell 
proliferation  of  cel!  tines  expressing  EGFR/pl85''c'i 
chimeric  receptors 

To  analyse  mitogenic  signaling  in  response  to  ligand, 
the  intracellular  domains  of  pi 85"™  and  Y882F  were 
independently  fused  with  the  extracellular  domain  of 
the  EGF  receptor  (Figure  1).  Using  the  MTT  assay,  we 
determined  that  the  proliferation  of  cell  lines  expressing 
these  chimeric  receptors  was  EGF-dependent  (Figure 
4).  We  had  previously  shown  that  the  EGF  dose 
needed  for  a  proliferative  response  to  ligand-induced 
DNA  synthesis  (Qian  et  ah,  1994)  or  cell  proliferation 
(O’Rourke  et  al.,  1997)  was  in  the  ng/ml  range  in 
fibroblasts  and  human  transformed  cell  lines  expressing 
EGFR  only.  In  the  presence  of  EGF  (1-50  ng/ml),  the 
growth  of  Er/882  cells  expressing  EGFR/Y882F 
chimeric  receptors  was  less  than  those  expressing 
EGFR/neu  receptors  (Er/neu  cell  line)  (Figure  4).  At 
a  concentration  of  100  ng/ml,  EGF  mediated  an 
inhibitory  effect  on  the  growth  of  Er/neu  cells,  which 


MTT  Assay 


Figure  4  MTT  assay:  response  of  different  cell  lines  to  EGF 
treatment.  On  day  1,  individual  96-well  plates  were  seeded  with 
5000  cells/well  of  cells  expressing  EGFR/neu  or  EGFR/Y882F 
mutant  receptors  in  5%  FBS  medium  and  incubated  overnight  at 
370C.  On  day  2.  the  medium  was  changed  to  serum-free  medium 
with  different  concentration  of  EGF  and  the  microplates  were 
incubated  at  37°C  for  48  h.  On  day  4,  MTT  was  added  (1  mg/ml) 
and  after  4  h  incubation  at  37°C,  cells  were  lysed  by  buffer 
containing  SDS  and  DMSO  at  pH  4.7.  The  OD  was  then 
measured  on  day  5  at  600  nm  using  an  ELISA  reader 


we  previously  observed  in  fibroblasts  expressing  high 
levels  of  human  EGFR  (Qian  et  al.,  1994).  However, 
this  high  EGF  dose  had  no  similar  influence  on  Er/882 
cells,  indicating  that  some  regulatory  mechanism  was 
impaired  by  the  Y882F  mutation.  As  a  negative 
control,  a  chimeric  construct  with  all  five  tyrosine 
phosphorylation  sites  replaced  was  also  transfected  into 
fibroblasts,  which,  not  unexpectedly,  responded  only 
modestly  to  EGF  stimulation  (data  not  shown). 


Substitution  of  Y882  inhibits  transformation  of  cel I  lines 
expressing  oncogenic  pl85 ”u  and  EGFR/neu  chimeric 
receptors.  Anchorage-independent  cell  growth 

The  ability  of  murine  fibroblasts  to  form  colonies  in 
soft  agar  was  addressed  in  order  to  determine  whether 
tyrosine-882  was  relevant  to  the  transforming  activity 
of  pi  85"™.  As  is  shown  in  Figure  5  (and  Table  1),  cells 
expressing  Y882F  were  inhibited  in  their  transforming 


Figure  5  Colony  growth  in  soft  agar.  Two  hundred  and  fifty 
cells  of  each  line  were  seeded  in  soft  agar  dishes  and  fed  with  5% 
FBS-DMEM  with  (EGFR/neu  and *”  EGFR/882F)  or  without 
(Tneu,  Y882F,  TAPstop,  and  Y882F/APstop)  EGF  (10  ng/ml) 
twice  a  week  for  3  weeks.  Colonies  were  then  visualized  after 
staining  with  p-iodnitrotetrazolium  violet  (1  mg/ml)  and  counted 


Table  1  Reduce  of  transforming  activity  in  cells  carrying  Y882->F 
mutation 


Cell  lines 

Colonies  on  soft  agar° 

(mean  +  s.d.) 

Tneu 

52±4.9 

T882 

10+5.7 

TAPstop 

12  +  3.2 

TAP882 

1  ±0.6 

Er/neub 

6±0.7 

Er/882b 

1  +0.7 

a  Based  on  experiments  performed  in  duplicate  or  triplicate.  b  Cells 
were  treated  with  10  ng/ml  EGF  as  described  in  Materials  and 
methods 
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efficiency  in  vitro.  Elimination  of  the  three  carboxyl 
terminal  autophosphorylation  sites  (TAPstop)  resulted 
in  reduced  oncogenicity  relative  to  full-length  onco¬ 
genic  Tneu  which  was  further  reduced  by  substituting 
tyrosine-882  with  phenylalanine  (Y882F/APstop).  In 
order  to  assess  the  effect  of  tyrosine-882  substitution 
on  ligand-dependent  transformation,  EGFR/neu  and 
EGFR/882  chimeric  proteins  were  expressed  in  murine 
fibroblasts.  When  these  cells  were  examined  for  their 
growth  capability,  colony  growth  in  soft  agar  of  EGF- 
dependent  fibroblasts  was  inhibited  by  the  Y882F 
substitution  in  the  pi 85"™  intracellular  region.  The  in 
vitro  transforming  activity  of  Tneu  and  Y882F  were 
also  examined  by  an  assay  of  focus  formation  in  mass 
culture.  In  this  study,  significantly  less  foci  were 
observed  in  Y882F-transfected  cells  (data  not  shown). 
These  data  confirmed  that  the  Y882F  mutant  had  a 
reduced  transforming  activity. 


Tumor  growth  in  nude  mice 


Weeks  after  injection 


b 


Figure  6  Comparison  of  tumor  growth  efficiency  in  nude  mice. 
1  x  10(>  cells  from  cell  lines  Tneu  and  T8S2  (a),  TAPstop  and 
TAP882  (b),  were  injected  intradermally  into  BALB/C  nude  mice. 
Tumor  volume  (mcan  +  s.d.)  from  a  group  of  five  injections  of 
each  cell  line  is  plotted  against  time  after  injection 
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In  vivo  tumorigenicity 

A  comparison  of  tumor  growth  in  athymic  mice  was 
then  performed  with  the  Y882F  mutant  cell  lines. 
Oncogenic  pl85"™-expressing  fibroblasts  (Tneu)  form 
rapidly  growing  tumors  when  implanted  subcuta¬ 
neously  in  nude  mice  (Figure  6).  Full-length  Y882F 
mutant  receptors  are  inhibited  in  their  ability  to 
mediate  transformation  in  vivo  (Figure  6a).  Deletion 
of  the  carboxyl  terminal  three  autophosphorylation 
sites  in  pi 85"™  proteins  containing  the  activating 
transmembrane  point  mutation  (TAPstop)  resulted  in 
a  significant  diminution  of  tumor  forming  efficiency 
(Figure  6b).  Visible  tumor  growth  did  not  occur  in 
these  animals  until  4  weeks,  which  was  beyond  the  time 
point  that  animals  implanted  with  Tneu  cells  (Qian  et 
al.,  1996)  were  sacrificed  from  tumor  burden.  Again, 
substitution  of  tyrosine-882  was  associated  with  further 
inhibition  of  transforming  efficiency  in  vivo  (Figure  6b). 


Discussion 

Dimerization  of  erbB  family  receptors  results  in 
activation  of  the  enzymatic  kinase  by  an  incompletely 
understood  intermolecular  allosteric  mechanism  (Ull¬ 
rich  and  Schlessinger,  1990;  Wada  et  al.,  1990), 
although  an  intramolecular  mechanism  contributing  to 
kinase  activation  has  not  been  excluded  (Groenen  et  al., 
1997).  It  is  thought  that  contacts  in  the  ectodomain  in 
erbB  family  receptors  initiate  the  formation  of  dimers 
thereby  bringing  the  kinase  domains  in  proximity  with 
one  another,  which  is  required  for  catalytic  activation 
(Weiner  et  al.,  1989;  Ullrich  and  Schlessinger,  1990). 
The  use  of  dominant-negative  mutant  receptors  has 
established  that  ectodomain  interactions  alone  are 
sufficient  for  erbB  family  homo-  and  heterodimeriza¬ 
tion  (Qian  et  al.,  1994;  O’Rourke  et  al.,  1997),  although 
cytoplasmic  interactions  determine  receptor  signaling 
outcome  (Qian  et  al.,  1995).  Using  co-immunoprecipita- 
tion  experiments,  truncated  EGFRs  lacking  the 
extracellular  region  were  shown  to  oligomerize  with 
holo-EGFRs,  resulting  in  constitutively  phosphorylated 
receptors  (Chantry,  1995).  Deletion  analysis  showed 
that  intracellular  contacts  within  the  kinase  domain 
were  most  important  in  these  interactions.  Kinase 
domain  oligomerization  was  also  suggested  to  occur 
between  truncated  EGFRs  and  HER2/neu  (Chantry, 
1995),  which  was  predicted  by  molecular  modeling 
(Murali  et  al.,  1996).  The  carboxyl  terminal  autopho¬ 
sphorylation  sites  in  the  EGFR  (Y1086,  Y1148  and 
Y 1 173)  are  not  required  for  enzymatic  kinase  activation 
(Walton  et  al.,  1990).  The  structural  requirements  and 
regulation  of  kinase  domain  interactions  necessary  for 
catalytic  activation  and  transphosphorylation  of  sub¬ 
strates  have  not  been  defined. 

Protein  kinases  share  a  high  degree  of  homology  in 
the  catalytic  domain,  whether  they  are  serine/threonine 
kinases  or  tyrosine  kinases  (Hanks  et  al.,  1988).  pi 85'“" 
and  EGFR,  members  of  the  erbB  family  of  type  I 
RTKs,  share  82%  amino  acid  homology  in  the  tyrosine 
kinase  domain  (Murali  et  al.,  1996).  In  contrast,  the 
carboxyl  terminus  of  the  cytoplasmic  domain  is  not 
significantly  conserved  within  tyrosine  kinase  receptor 
families.  The  kinase  domain  of  erbB  family  kinases  can 
be  subdivided  into  an  ATP-binding  domain,  an 
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activation  loop,  and  a  catalytic  domain  (Knighton  et 
ciL,  1991;  Murali  et  al.,  1996).  The  ATP-binding 
domain  is  more  conserved  between  kinase  family 
members  than  the  catalytic  domain.  Interestingly,  the 
most  variable  region  within  the  kinase  domain  is  the 
activation  loop  where  the  autophosphorylation  tyro¬ 
sines  are  located.  The  activation  loop  may  be  critical 
for  permitting  access  to  different  substrates  and 
facilitating  subsequent  attachment. 

Molecular  modeling  of  the  kinase  domains  of  EGFR 
and  pi 85"™  reveals  that  the  orientation  of  the  tyrosines 
within  the  activation  loop,  tyrosine-845  and  tyrosine- 
882,  respectively,  are  oriented  differently,  which  might 
account  for  the  different  phenotypic  consequences  of 
substitution  of  these  residues  in  the  corresponding 
receptors  (Murali  et  al.,  1996).  It  has  been  reported 
that  Y845  is  not  required  for  either  the  tyrosine 
autophosphorylation  of  the  mature  170  kDa  EGFR, 
the  initiation  of  EGF-induced  DNA  synthesis,  or  for 
EGF-dependent  transformation  of  NIH3T3  cells 
(Gotoh  et  al.,  1992).  However,  mutations  in  charged 
residues  adjacent  to  Y845  decrease  the  Vmax  for 
receptor  self-phosphorylation,  suggesting  that  these 
residues  stabilize  the  catalytic  core  of  the  kinase 
domain  and  are  important  for  maximal  self-phosphor¬ 
ylation  activity  of  the  kinase  domain. 

Although  both  tyrosines  within  the  activation  loop 
(Y845  in  EGFR  and  Y882  in  pl85"™)  lie  within  a  stretch 
of  acidic  residues  (EGFR:  EEKEY845HAE;  pi 85"™: 
DETEYss:!HAD),  a  feature  observed  with  most 
tyrosine  phosphorylation  sites,  the  basic  residue  K843 
in  the  EGFR  loop  alters  this  negatively  charged 
structural  feature.  It  has  been  reported  this  basic 
residue  prevented  peptides  derived  from  the  activation 
loop  of  EGFR  from  being  phosphorylated  by  some 
protein  tyrosine  kinases  (Cola  et  al.,  1989).  However,  in 
pi 85"™,  TRS0  at  the  corresponding  position  should  not 
influence  this  structural  feature,  thus  making  the 
activation  loop  accessible  for  pi 85"™  or  other  tyrosine 
kinases  capable  of  phosphorylating  Y882.  These 
differences  between  EGFR  and  pi 85"™  may  account 
for  the  different  biological  effects  of  similar  mutations 
on  EGFR  and  pi 85"™  (Y845F  and  Y882F,  respectively). 

In  our  studies,  substitution  of  tyrosine-882  in  the 
full-length  oncogenic  pi 85"™  receptor  did  not  appreci¬ 
ably  alter  the  level  of  tyrosine  phosphorylation  of 
pi 85”™  in  vivo.  This  observation  supports  the  notion  of 
cryptic  or  supplemental  phosphotyrosine  sites  in 
EGFR  and  pi 85"”'.  It  has  been  reported  that  replacing 
all  the  identified  tyrosine  autophosphorylation  sites  in 
EGFR  did  not  completely  eliminate  tyrosine  phosphor¬ 
ylation  of  EGFR  upon  EGF  stimulation,  or  EGF 
stimulation  of  mitogen-activated  protein  kinase  activity 
(Decker,  1993).  In  our  experiments,  in  vivo  tyrosine 
phosphorylation  was  detected  in  the  mutant  with 
deletion  of  four  autophosphorylation  sites  (Y882F/ 
APstop).  Although  the  in  vitro  kinase  activity  for 
pi 85"™  receptor  self-phosphorylation  and  phosphoryla¬ 
tion  of  exogenous  substrate  was  decreased  in  all  cell 
lines  expressing  Y882F,  other  kinases  or  signaling 
molecules  could  be  involved  to  account  for  our 
inability  to  detect  receptor  phosphotyrosine  content 
differences  at  this  level  of  analysis. 

Germline  mutations  in  the  tyrosine  kinase  domain  of 
the  RET  proto-oncogene,  in  particular  a  Met->Thr 
substitution  at  position  918,  are  associated  with  the 


familial  cancer  syndrome  multiple  endocrine  neoplasia 
(MEN)  type  2B  (Carlson  et  al.,  1994;  Hofstra  et  al., 
1994).  M918T  has  been  shown  to  be  an  activating 
mutation  by  altering  the  substrate  specificity  in  the 
tyrosine  kinase  domain  of  RET  (Santoro  et  al.,  1995). 
A  shift  in  the  substrate  specificity  which  would  be 
transforming  in  certain  tissues  depending  on  the 
differentially  expressed  profile  of  available  substrates 
capable  of  regulating  RET  catalytic  activity.  Position 
918  in  RET  is  located  in  the  substrate  binding  domain 
of  the  activation  loop,  and  is  predicted  by  homology 
modeling  to  be  approximately  15A  from  a  tyrosine 
analogous  to  Y882  in  pi  85"™. 

Mutation  of  tyrosine-882  was  associated  with  a 
diminution  of  transforming  efficiency  mediated  by 
oncogenic  pi 85"™  in  vitro  and  in  vivo.  Upon  ligand 
stimulation,  the  erbB  family  of  RTKs  transduce  signals 
by  creating:  (1)  an  active  form  of  tyrosine  kinases 
which  can  phosphorylate  signaling  molecules  including 
the  receptor  per  se;  (2)  phosphorylated  tyrosines  as 
docking  sites  for  SH2/SH3  domain  containing  proteins. 
It  is  unlikely  that  Y882  acts  as  one  docking  site,  since 
there  is  no  homology  in  this  region  to  SH2  or  SH3 
binding  motif  and  this  site  has  never  been  shown  able 
to  associate  with  other  molecules.  Our  data  suggest 
that  Y882  plays  an  important  role  in  the  transforming 
potential  and  tumorigenicity  of  oncogenic  pi 85"™  by 
regulating  the  kinase  activity  of  this  receptor  tyrosine 
kinase.  By  having  a  distinct  phosphorylation  status, 
Y882  could  alter  the  accessibility  of  particular 
substrates  to  the  kinase  catalytic  cleft.  In  support  of 
this,  we  found  that  some  proteins  are  not  phosphory¬ 
lated  in  the  in  vitro  kinase  assay  as  a  result  of  the 
Y882F  substitution  (Figure  3),  although  the  identities 
of  these  potential  substrates  are  not  known  at  present. 

The  corresponding  residue  in  EGFR,  Y845,  has 
been  found  phosphorylated  by  c -Src  in  an  EGF- 
dependent  manner  both  in  vivo  and  in  vitro  (Sato  et 
al.,  1995).  Further  examination  of  the  structural 
features  of  pi 85"™  and  EGFR  kinase  domain  activa¬ 
tion  may  facilitate  the  understanding  of  cross-talking 
between  signaling  pathways  and  the  development  of 
site-specific  inhibitors  of  erbB  receptor  catalytic 
function  contributing  to  oncogenesis. 


Materials  and  methods 

Construction  of  mutants  and  expression  vectors,  and  derivation 
of  stably  transfected  cel I  lines 

All  the  following  mutant  pl85"‘"  cDNAs  were  derived  from 
rat  oncogenic  neu  cDNA  (Tneu)  containing  a  single 
mutation  (V664E)  in  the  transmembrane  region.  Briefly, 
the  mutant  Y882F  was  derived  from  Tneu  by  site-directed 
mutagenesis  by  substituting  a  phenylalanine  for  Tyrosine- 
882.  The  TAP/stop  mutant  was  also  made  by  site-directed 
mutagenesis  by  introducing  a  stop  codon  at  position  1139, 
which  was  122  amino  acids  from  the  carboxyl  terminus 
(Mikami  et  al.,  1992).  The  T882F/APstop  mutant  was 
made  by  a  subcloning  strategy  to  generate  both  the  Y882F 
substitution  and  carboxyl  terminal  deletion.  To  make  a 
chimeric  mutant  of  EGFr  and  TneuY882F,  a  6.7  kb  Sail  - 
Xbal  fragment  from  an  EGFR-neu  expression  vector, 
pSV2EGFR/neu  (Lehvaslaiho  et  al.,  1989),  was  ligated  to 
a  2.3  kb  fragment  containing  the  3'  region  of  the  Y882F 
mutant.  All  the  mutant  constructs  were  verified  by  DNA 
sequencing. 
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The  wild  type  or  mutant  neu  cDNAs  were  subcloned  into 
the  pMuLVLTRneo1*  expression  vector  and  then  transfected 
into  NR6  fibroblasts  lacking  endogenous  EGFRs  with 
neomycin  selection  to  generate  mutant  neu-expressing 
subclones.  The  expression  of  mutant  neu  proteins  in 
resultant  colonies  was  confirmed  by  flow  cytometry  using 
an  anti-p  1 85"‘"  monoclonal  antibody  (mAb)  7.16.4  (Qian  et 
cil.,  1994).  The  resultant  transfected  cell  lines  were  designated 
Tneu(T-2),  T882,  TAP/stop,  TAP882.  Er/neu  and  Er/882 
(Figure  1).  Using  flow  cytometric  analysis,  it  was  determi¬ 
nated  that  neu-derived  proteins  were  expressed  at  comparable 
levels  in  Tncu  and  T882  cells,  and  in  TAP/stop  and  TAP882 
cells,  although  the  latter  two  cell  lines  had  higher  surface 
expression  levels  than  the  Tneu  and  T882  cell  lines.  These 
transfected  clones  were  maintained  in  Dulbecco's  Modified 
Eagle’s  medium  (DMEM)  containing  5%  fetal  bovine  serum 
(FBS,  Hyclone). 

Analysis  of  transforming  characteristics 

Anchorage-independent  growth  was  determined  by  asses¬ 
sing  the  colony  forming  efficiency  of  cells  suspended  in  soft 
agar  (O’Rourke  et  al .,  1997).  Cells  (250-1000)  were 
suspended  in  0.18%  agarose/5%  FBS-DMEM  and  plated 
on  0.25%  of  basal  agar  in  60  mm  tissue  culture  plates. 
0.5  ml  of  DMEM  medium  (5%  FBS.  20  mM  HEPES, 
pH  7.5)  was  added  to  soft-agar  cultures  once  a  week  for 
the  duration  of  the  experiment.  Colonies  (>0.3  mm)  were 
visualized  on  day  21  for  all  cell  lines  after  staining  with  p- 
iodnitrotetrazolium  violet  (1  mg/ml).  Each  cell  line  was 
examined  in  triplicate  for  three  separate  experiments. 
Number  of  colonies  reported  represented  the  mean  of 
triplicate  samples. 

To  analyse  tumor  growth  in  athymic  mice,  cells  (1  x  10f’)  of 
each  line  were  suspended  in  0. 1  ml  of  PBS  and  injected 
intradermally  in  the  mid-dorsum  of  NCR  nude  mice.  PBS 
alone  was  also  injected  as  a  control.  Animals  used  in  this 
study  were  maintained  in  accordance  with  the  guidelines  of 
the  Committee  on  Animals  of  the  University  of  Pennsylvania 
and  those  prepared  by  the  Committee  on  Care  and  Use  of 
Laboratory  Animals  of  the  Institute  of  Laboratory  Animal 
Resource.  Tumor  growth  was  monitored  every  2-3  days  up 
to  8  weeks.  Tumor  size  was  calculated  by  this  formula:  3.14/ 
6  x  (length  x  width  x  thickness). 

Antibodies 

The  monoclonal  antibody  (mAb)  7.16.4  against  the 
ectodomain  of  pi 85"™  was  produced  from  hybridoma  cells 
as  described  previously  (Drebin  et  al.,  1984).  The 
polyclonal  rabbit  antiserum  reactive  with  the  neu 
intracellular  domain,  designated  anti-Bacneu.  was  also 
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utilized  (Myers  et  al.,  1992).  A  monoclonal  anti-phospho- 
tyrosine  antibody  (pY20)  was  purchased  from  Santa  Cruz, 
Biotechnology  (Santa  Cruz,  CA). 


Cells  were  plated  in  100  mm  culture  dishes  and  the  next 
day  were  washed  twice  in  ice  cold  PBS  and  lysed  in  1  ml  of 
lysis  buffer  (50  mM  Hepes,  pH  7.5,  150  mM  NaCl,  3%  Brij- 
35,  2  mM  EDTA,  0.02  mg/ml  Aprotinin,  10%  glycerol, 
1.5  mM  MgCL).  Cell  lysates  were  centrifuged  at  20000  g 
for  15  min.  Protein  concentrations  of  cell  lysate  were 
measured  with  the  Dc  Protein  Assay  (Bio-Rad).  Lysates 
that  contained  comparable  amounts  of  neu-derived 
proteins  (as  determined  by  Western  blotting)  were  used 
for  immunoprecipitation  with  the  anti-neu  mAb,  7.16.4. 
40  /d  of  50  %  (vol/vol)  protein  A-sepharose  were  used  to 
collect  the  immune  complexes,  which  were  then  washed 
three  times  with  wash  buffer  (50  mM  HEPES,  150  mM 
NaCl,  0.1%  Brij-35,  2  mM  EDTA,  0.01  mg/ml  Aprotinin, 
0.03  mM  Na,V04).  The  pellets  were  suspended  in  20  p\  of 
20  mM  HEPES  (pH  7.4,  5  mM  MnCk  0.1%  Brij-35, 
0.03  mM  Na,V04,  0.02  mg/ml  Aprotinin)  containing  5  pCt 
of  [y12P]ATP,  and  incubated  at  room  temperature  for 
30  min.  The  reaction  were  terminated  by  the  addition  of 
3  x  electrophoresis  sample  buffer  containing  2  mM  ATP. 
After  incubation  at  100°C  for  3  min,  samples  were  then 
analysed  by  SDS-PAGE. 


The  MTT  assay  for  measuring  cell  growth  has  been 
reported  previously  (Hansen  et  al.,  1989).  Briefly,  cells 
(5000)  of  each  cell  line  were  seeded  in  96-well  plates 
overnight  in  DMEM  containing  5%  FBS.  Cells  were 
starved  in  ITS-DMEM  for  48  h,  then  cultured  in  100  /d 
of  the  same  medium  plus  various  concentrations  of  EGF 
for  48  h.  25  /d  of  MTT  solution  (5  mg/ml  in  PBS)  were 
added  to  each  well,  and  after  2  h  of  incubation  at  37°C, 
100  microliters  of  the  extraction  buffer  (20%  w/v  of  SDS, 
50%  A./V-dimethyl  formamide,  pH  4.7)  was  added.  After 
an  overnight  incubation  at  37°C,  the  optical  density  at 
600  nm  were  measured  using  an  ELISA  reader.  Each  value 
represented  a  mean  of  four  samples. 
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ABSTRACT  Inhibition  of  cell  growth  and  transformation 
can  be  achieved  in  transformed  glial  cells  by  disabling  erbB 
receptor  signaling.  However,  recent  evidence  indicates  that  the 
induction  of  apoptosis  may  underlie  successful  therapy  of 
human  cancers.  In  these  studies,  we  examined  whether  dis¬ 
abling  oncoproteins  of  the  erbB  receptor  family  would  sensi¬ 
tize  transformed  human  glial  cells  to  the  induction  of  genomic 
damage  by  y-irradiation.  Radioresistant  human  glioblastoma 
cells  in  which  erbB  receptor  signaling  was  inhibited  exhibited 
increased  growth  arrest  and  apoptosis  in  response  to  DNA 
damage.  Apoptosis  was  observed  after  radiation  in  human 
glioma  cells  containing  either  a  wild-type  or  mutated  p53  gene 
product  and  suggested  that  both  p53-dependent  and  -inde¬ 
pendent  mechanisms  may  be  responsible  for  the  more  radio¬ 
sensitive  phenotype.  Because  cells  exhibiting  increased  radi¬ 
ation-induced  apoptosis  were  also  capable  of  growth  arrest  in 
serum-deprived  conditions  and  in  response  to  DNA  damage, 
apoptotic  cell  death  was  not  induced  simply  as  a  result  of 
impaired  growth  arrest  pathways.  Notably,  inhibition  of  erbB 
signaling  was  a  more  potent  stimulus  for  the  induction  of 
apoptosis  than  prolonged  serum  deprivation.  Proximal  recep¬ 
tor  interactions  between  erbB  receptor  members  thus  influ¬ 
ence  cell  cycle  checkpoint  pathways  activated  in  response  to 
DNA  damage.  Disabling  erbB  receptors  may  improve  the 
response  to  y-irradiation  and  other  cytotoxic  therapies,  and 
this  approach  suggests  that  present  anticancer  strategies 
could  be  optimized. 


The  molecular  parameters  that  determine  how  a  cell  becomes 
more  or  less  sensitive  to  DNA  damage  induced  by  radiation  or 
chemotherapeutic  agents  are  poorly  understood.  Status  of  cell 
cycle  checkpoint-signaling  pathways  has  been  argued  to  be  an 
important  determinant  of  the  response  to  DNA  damage,  and 
mutations  in  checkpoint  components  are  prevalent  in  human 
cancers  (reviewed  in  refs.  1  and  2).  A  recently  introduced 
paradigm  suggests  that  tumor  cells  exhibit  growth  arrest  or 
apoptosis  in  response  to  cytotoxic  therapies  depending  on  the 
functional  state  of  checkpoint  pathways  and  that  radiation- 
induced  apoptosis  may  result  from  impaired  growth  arrest 
pathways  (3).  Similarly,  in  other  systems  using  nontransformed 
cells,  incomplete  mechanisms  of  DNA  repair,  occurring  during 
checkpoint  phase  delay,  increase  the  tendency  to  apoptosis  (4). 

Human  glioblastomas  exhibit  many  genetic  alterations,  in¬ 
cluding  amplification  and/or  mutation  of  the  gene  encoding 
the  epidermal  growth  factor  receptor  (EGFR)  (reviewed  in 
refs.  5  and  6)  in  some  cases  resulting  in  expression  of  a 
constitutively  activated  EGF  receptor  kinase  (7-9).  We  have 
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shown  that  expression  of  a  trails- receptor  inhibitor  of  the 
EGFR,  derived  from  the  ectodomain  of  the  pl85neu  oncogene 
(T691stop  neu),  forms  heterodimers  with  both  full-length 
EGFR  and  a  constitutively  activated  extracellular-deleted 
mutant  EGFR  form  (AEGFR)  commonly  observed  in  human 
glial  tumors,  particularly  those  of  higher  pathologic  grade  (9, 
10).  Cell  growth  and  transformation  of  EGFR-positive  or 
EGFR/AEGFR-coexpressing  human  glioma  cells  is  inhibited 
by  kinase-deficient  deletion  mutants  of  pl85neu  (9,  10).  The 
surface-localized  T691stop  neu  mutant/EGFR  heterodimeric 
receptor  complex  has  decreased  affinity  for  the  EGF  ligand, 
impaired  internalization  kinetics,  reduced  phosphotyrosine 
content,  and  diminished  enzymatic  kinase  activity  relative  to 
full-length  EGFR  and  AEGFR  homodimeric  complexes  (9, 
10). 

The  specific  pathways  mediating  oncogenic  transformation 
in  EGFR  positive-transformed  human  cells  have  not  been 
characterized  completely.  Naturally  occurring  AEGFR  onco¬ 
proteins  may  increase  constitutive  activity  of  a  Grb2/Shc/Ras 
pathway  (11)  and  signaling  through  phosphatidyl  inositol-3 
(PIG)  kinases  (12),  presumably  by  binding  to  distinct  adaptor 
proteins  (13).  Particular  mitogen-activated  protein  kinases, 
such  as  those  of  the  c-jun  amino  terminal  kinase  family,  may 
be  constitutively  activated  by  ligand-independent  oncogenic 
AEGF  receptors  (14).  Although  holo-EGFRs  have  been  found 
to  be  weakly  transforming  only  in  a  ligand-dependent  manner 
at  high  levels  of  receptor  expression  in  fibroblasts,  many 
human  tumors  exhibit  elevated  levels  of  EGFR  and  this  may 
contribute  to  unregulated  kinase  activity  in  transformed  cells 
(15,  16). 

We  sought  to  address  whether  specific  inhibition  of  signaling 
through  the  overexpressed  EGFR  in  radioresistant  human 
glioma  cells  would  alter  the  physiologic  response  of  these  cells 
to  the  induction  of  genomic  damage.  7-irradiation  combined 
with  erbB  receptor  inhibition  resulted  in  a  greater  degree  of 
radiation-induced  growth  arrest  and  apoptosis  in  cancer  cells 
normally  resistant  to  ionizing  radiation.  These  results  have 
implication  for  the  design  of  receptor-specific  agents  capable 
of  sensitizing  cells  to  cytotoxic  therapies  and  suggest  that  erbB 
receptor-specific  inhibition  combined  with  cytotoxic  treat¬ 
ments  may  improve  the  response  to  anticancer  regimens. 

MATERIALS  AND  METHODS 

Vector  Construction.  The  derivation  of  the  T691stop  neu 
mutant  receptor  construct  has  been  detailed  previously  (10). 

Abbreviations:  DAPI,  4',6-diamidino-2-phenylindole  dihydrochloride 
hydrate;  EGFR,  epidermal  growth  factor  receptor;  RT,  radiation 
treatment. 
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Maintenance  of  Cells  and  Development  of  Stably  Trans¬ 
fected  Cell  Lines.  The  U87MG  human  glioblastoma  cell  line 
was  obtained  from  Webster  Cavenee  (Ludwig  Cancer  Insti¬ 
tute,  San  Diego).  U373MG  human  glioma  cells,  originally 
isolated  from  a  human  anaplastic  astrocytoma,  were  obtained 
through  the  American  Type  Tissue  Collection  (ATCC;  Rock¬ 
ville,  MD).  Maintenance  of  cells  lines,  methods  for  deriving 
subclones  expressing  pl85neu-derived  proteins  and  transfec¬ 
tion  procedures  have  been  described  previously  (9,  10). 

Flow  Cytometric  Analysis  of  Cell  Cycle  Distribution.  Cells 
were  stained  for  flow  cytometry  by  sequential  treatment  with 
0.003%  trypsin  solution,  followed  by  0.05%  trypsin  inhibitor, 
0.01%  RNase  A  solution,  and  then  0.0416%  propidium  iodide 
and  5  mM  spermine  tetrachloride  solution.  Each  treatment 
was  performed  for  10  min  with  continuous  shaking  at  room 
temperature.  All  reagents  were  ordered  from  Sigma.  Cell  cycle 
analysis  was  performed  within  2  h  of  staining  on  a  Becton 
Dickinson  FACScan  flow  cytometer.  Ten  thousand  events 
were  collected  for  each  sample  and  the  data  analyzed  by  using 
the  MODFIT  cell  cycle  analysis  program  (Becton  Dickinson, 
version  2.0). 

Nuclei  Staining  and  Morphologic  Analysis  of  Apoptosis. 

Cells  were  plated  onto  coverslips  for  at  least  12  h  before 
irradiation.  Irradiation  was  performed  in  conditions  identical 
to  the  colony  formation  assays.  Coverslips  were  then  washed 
twice  with  PBS  at  the  indicated  times  and  fixed  in  50:50  mix  of 
ice-cold  methanol/acetone  for  1  min.  Coverslips  were  subse¬ 
quently  stained  with  4',6-diamidino-2-phenylindole  dihydro¬ 
chloride  hydrate  (DAPI)  (Sigma)  at  a  concentration  of  0.1-.25 
/xg/ml  in  PBS.  Inter-observer  consistency  in  apoptosis  counts 
was  confirmed  with  terminal  deoxynucleotidyl  transferase- 
mediated  dUTP  nick  end  labeling-staining  and  by  three  inde¬ 
pendent  observers. 

Cell  counts  were  performed  within  30  min  of  staining,  and 
photographs  were  taken  on  a  Zeiss  Axioplan  epifluorescence 
microscope.  At  least  three  independent  fields  of  100  cells  were 
counted  for  each  sample. 

Colony  Formation  Assay.  Cell  survival  after  irradiation  was 
assessed  by  the  colony  formation  assay.  The  number  of  cells  to 
be  plated  was  calculated  to  form  20-200  colonies  per  dish  at 
each  radiation  dose  and  plated  into  10-cm  culture  dishes 
(Fisher  Scientific).  By  using  a  J.  L.  Shepherd  (San  Fernando, 
CA)  model  30  Mark  I  Cesium-137  irradiator,  12.8  Gy/min  of 
irradiation  was  delivered  to  the  cells  on  a  rotating  platform  to 
ensure  uniform  dosing.  Cells  were  incubated  after  irradiation 
at  37°C  with  5%  C02  for  7-10  days  and  then  stained  with 
crystal  violet.  Colonies  containing  >50  cells  were  counted 
under  a  dissecting  microscope.  The  surviving  fraction  is  the 
ratio  of  the  number  of  colonies  formed  to  the  number  of  cells 
plated  and  was  corrected  for  plating  efficiency.  At  least  three 
cell  concentrations  were  used  for  each  radiation  dose. 

Western  Blotting.  For  each  time  point,  105  cells  per  6-cm 
plate  were  harvested  by  lysis  in  400  jul  of  sample  buffer  (10% 
glycerol/2%  SDS/100  mM  DTT/50  mM  Tris,  pH  6.8).  Thirty 
microliters  of  each  lysate  was  loaded  per  lane  and  separated  by 
electrophoresis  on  a  15%  SDS-polyacrylamide  gel  before 
overnight  transfer  to  a  nitrocellulose  membrane  (Bio-Rad). 
Membranes  were  probed  with  mouse  anti-human  p53  mAb 
(NeoMarkers,  Fremont,  CA),  followed  by  goat  anti-mouse  Ig 
secondary  antibody  coupled  to  horseradish  peroxidase  (Am- 
ersham).  To  reduce  background  antibody  binding,  incubation 
with  secondary  antibody  in  2.5%  powdered  milk  in  PBS  was 
performed.  Detection  was  performed  by  enhanced  chemilu¬ 
minescence  (ECL,  Amersham).  Relative  levels  of  p53  expres¬ 
sion  were  determined  by  scanning  the  blots  using  a  scanning 
densitometer  (Molecular  Dynamics). 

Antibodies.  The  mAh  7.16.4  reactive  against  the  pl85neu 
ectodomain  has  been  described  (10).  Polyclonal  antibodies 
reactive  with  p53  and  p21  were  obtained  from  NeoMarkers. 


Antibodies  reactive  with  bcl-2,  bax,  and  bcl-XL  were  obtained 
from  Oncogene  Science. 

RESULTS 

Cell  Cycle  Distribution  of  Cycling  Human  Glioblastoma 
Cells  Treated  with  y-Irradiation:  Effects  of  Disabling  erbB 
Signaling  on  Growth  Arrest.  For  both  U87MG  and  U87/T691 
cells,  prolonged  serum  starvation  alone  (72-100  h)  led  to 
increased  accumulation  of  cells  in  Go/G],  with  modest  reduc¬ 
tions  in  both  the  S  and  G2/M  populations.  U87/T691  cells 
exhibited  a  higher  Gq/Gj  fraction  than  parental  U87MG  cells 
either  in  the  presence  of  serum  (Fig.  1  A  and  C )  or  after 
prolonged  serum  deprivation  (data  not  shown).  The  relative 
increase  in  growth  arrest  induced  by  expression  of  the 
T691stop  neu  mutant  receptor  in  U87MG  cells  was  thus  not 
overcome  by  growth  in  full  serum. 

Induction  of  growth  arrest  by  exposure  of  asynchronously 
cycling  transformed  human  glial  cell  populations  to  y-irradi- 
ation  was  greater  than  that  induced  by  prolonged  serum 
deprivation  alone.  In  both  U87MG  and  U87/T691  cells, 
irradiation  of  cells  grown  under  full  serum  growth  conditions 
caused  robust  increases  in  Go/Gi  and  G2/M,  and  a  decrease 
in  the  percentage  of  cells  in  S  phase,  as  determined  by  flow 
cytometric  staining  for  DNA  content  (Fig.  1  B  and  D). 
Reduction  of  the  S  phase  fraction  and  accumulation  of  cells  in 
G2  is  characteristic  of  cells  sustaining  DNA  damage  (4,  17). 
The  data  in  Fig.  1  depict  a  representative  experiment  of  cells 
analyzed  72  h  after  y-irradiation.  Earlier  time  points  indicated 
similar  trends,  but  analysis  72  h  after  irradiation  was  chosen  to 
be  consistent  with  subsequent  experiments  (see  below).  An 
analysis  of  three  independent  experiments  revealed  the  fol¬ 
lowing  changes  in  cell  cycle  distribution  [mean  percent  of 
cells  ±  SEM;  ±  radiation  treatment  (RT)]:  (i)  U87MG 
parental  cells:  Go/Gi:  26  ±  2.8,  +RT  51.5  ±  2.1;  S:  66  ±  4.2, 
+  RT  21  ±  2.8;  Go/M:  8  ±  1.4,  +RT  28.5  ±  0.7;  (if)  U87/T691 
cells:  Go/G,:  34.5  ±  4.9,  +RT  71  ±  7.1;  S:  57.5  ±  4.9,  +RT 
16  ±  4.2;  G2/M:  7.5  ±  0.7,  +RT  12.5  ±  3.5.  U87/T691  cells 
exhibited  a  higher  Go/Gi  fraction  and  reduced  S  and  G2/M 


Fig.  1.  Cell  cycle  distribution  of  human  glioblastoma  cells  with  or 
without  radiation  treatment  in  10%  scrum.  Parental  U87MG  cells  ( A 
andB)  and  U87/T691  transfectants  (C  and£>)  were  studied.  Cells  were 
plated  in  60-mm  dishes  and  allowed  to  attach  before  either  being 
y-irradiated  (10  Gy)  (B  and  D)  or  mock-irradiated  (A  and  C).  After 
72  h,  cells  were  than  analyzed  by  flow  cytometry  after  propidium 
iodide  staining.  The  distributions  of  cells  according  to  DNA  content 
are  indicated  in  each  panel.  The  data  shown  in  this  experiment  are 
representative  of  four  independent  experiments. 
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populations  when  compared  with  parental  glioblastoma  cells 
when  grown  asynchronously  in  culture  either  with  or  without 
radiation  treatment,  and  the  largest  difference  was  in  the 
Go/Gi  population.  Radiation-induced  increases  in  the  G2/M 
fraction  were  seen  in  both  U87MG  and  U87/T691  cells, 
although  to  a  greater  degree  in  parental  U87MG  cells.  Serum 
deprivation  and  radiation  treatment  in  these  cell  populations 
was  not  additive  and  did  not  appreciably  alter  the  cell  cycle 
distributions  in  either  cell  line  from  that  observed  with  radi¬ 
ation  treatment  in  full  serum  (data  not  shown).  Thus,  disabling 
EGFR-mediated  signaling  appears  to  induce  a  growth  arrest 
by  a  mechanism  distinct  from  that  observed  with  prolonged 
serum  deprivation. 

Trans-Receptor  Inhibition  Sensitizes  Human  Glioblastoma 
Cells  to  Radiation-Induced  Apoptosis.  Human  glioblastoma 
cells  have  been  shown  to  be  especially  resistant  to  radiation 
treatment  both  experimentally  and  clinically.  EGFR  overex¬ 
pression  and/or  mutation  has  been  correlated  with  particularly 
aggressive  human  glial  tumors  and  oncogenicity  was  suggested 
to  be  caused  by  reduced  apoptosis  in  vitro  and  in  vivo  (18).  We 
examined  whether  inhibition  of  EGFR-mediated  signaling  in 
human  glioblastoma  cells  by  the  T691stop  neu  mutant  receptor 
could  sensitize  cells  to  apoptotic  cell  death. 

With  prolonged  serum  deprivation,  we  observed  only  0-1% 
apoptosis  in  U87MG  parental  cells  by  either  4'-6-diamidino- 
2-phenylindole  (DAPI)  staining  or  terminal  deoxynucleotidyl 
transferase-mediated  dUTP  nick  end-labeling  staining,  which 
was  less  than  that  observed  in  other  studies  (18).  We  found  that 
U87MG-derived  cells  do  not  exhibit  a  sub-G0  peak  by  flow 
cytometric  analysis  after  propidium  iodide  staining  under 
conditions  causing  apoptosis,  which  is  in  agreement  with 
others  (19).  Expression  of  the  T691stop  neu  inhibitor  in 
U87MG  cells  resulted  in  only  0-2%  apoptosis  with  prolonged 
serum  deprivation  as  determined  by  immunohistochemical 
identification  of  apoptotic  nuclei  with  DAPI. 

Apoptosis  was  maximal  in  repeated  studies  at  72  h,  and  this 
time  point  was  selected  for  all  additional  experiments.  Expres¬ 
sion  of  the  T691stop  neu  protein  in  the  U87MG  cell  back¬ 
ground  increased  the  level  of  radiation-induced  apoptosis  to 
23  ±  7.9%  (mean  ±  SEM)  at  72  h  in  four  independent 
experiments  in  full  growth  media  (Fig.  2/1).  Prolonged  serum 
deprivation  combined  with  radiation  resulted  in  33  ±  10.6% 
apoptosis  in  U87/T691  cells  and  in  11  ±  1.5%  apoptosis  in 
parental  U87MG  cells,  a  comparable  increase  in  both  popu¬ 
lations  above  that  observed  with  radiation  of  cells  in  full 
growth  media.  These  data  indicate  that  T691stop  neu  expres¬ 
sion  induced  greater  apoptosis  than  prolonged  serum  depri¬ 
vation  in  U87MG  cells.  The  morphological  changes  of  nuclear 
blebbing  and  fragmentation  characteristic  of  apoptosis  are 
shown  by  immunohistochemical  analysis  of  U87MG-derived 
cultured  cells  stained  with  DAPI  (Fig.  3 A-D).  The  apoptotic 
indices  represent  an  underrepresentation  of  total  cell  death 
after  radiation  in  U87/T691  cells  because  we  were  unable  to 
examine  floating  cells  immunohistochemically. 

Clonogenic  Survival  of  Irradiated  Human  Glioblastoma 
Cells.  We  measured  the  number  of  cells  that  escape  growth 
arrest  or  death  and  are  able  to  go  on  to  form  a  colony,  an  assay 
commonly  used  to  determine  radiosensitivity.  In  certain  cases, 
clonogenic  growth  assays  have  not  correlated  with  sensitivity 
to  radiation  or  chemotherapy  (3),  presumably  because  the  fate 
of  the  dead  or  stably  arrested  cells  is  not  determined  in  this 
assay  (20).  As  shown  in  Fig.  4,  U87/T691  cells  exhibited 
increased  sensitivity  to  radiation  across  a  range  of  radiation 
concentrations  (2-10  Gy).  U87/T691  cells  were  approximately 
one-half  log  more  sensitive  to  radiation  than  their  untrans¬ 
fected  parental  counterparts  at  all  radiation  doses  tested. 
These  data  suggest  a  correlation  between  increases  in  growth 
arrest  and  apoptosis  and  increased  radiosensitivity  after  inhi¬ 
bition  of  erbB  signaling  in  irradiated  human  glioma  cells.  We 
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Fig.  2.  Determination  of  apoptosis  and  clonogenic  survival  after 
y-irradiation  of  human  glioblastoma  cells.  (A)  Cells  were  plated  and 
allowed  to  attach  before  being  exposed  to  -y-irradiation  (10  Gy)  in  10% 
serum  or  serum-free  media.  After  72  h,  quantitation  of  apoptosis  was 
conducted  by  two  independent  observers.  The  apoptotic  index  is  the 
percentage  of  apoptotic  cells  with  morphologic  evidence  of  apoptosis 
as  determined  by  staining  of  nuclei  with  DAPI.  Results  presented  are 
mean  ±  SEM  of  four  independent  experiments,  and  the  mean  is 
indicated  in  parentheses.  U87MG  cells  were  grown  in  10%  serum  (□) 
or  serum-free  media  (^)  and  U87/T691  cells  were  grown  in  10% 
serum  (B)  or  serum-free  media  (■).  (S)  U87MG  and  U373MG  human 
glioma  cells  and  derivatives  were  stained  with  DAPI  and  analyzed  for 
apoptotic  morphology  72  h  after  -y-irradiation.  The  mean  is  indicated 
in  parentheses,  and  the  index  shown  in  this  representative  experiment 
is  mean  ±  SD.  These  results  are  representative  of  two  additional 
experiments.  Apoptotic  indices  were  felt  to  be  an  underestimate 
because  floating  cells  could  not  be  assayed  by  this  technique. 

confirmed  these  results  by  analysis  of  additional  T691stop 
neu-expressing  subclones. 

Relationship  of  Radiation  Sensitivity  of  Human  Glioblas¬ 
toma  Cells  to  p53  Status.  U87MG  cells  and  their  derivatives 
contain  wild-type  p53  and  p21  proteins.  p53  status  has  been 
shown  to  influence  the  response  to  ionizing  radiation  in  a 
number  of  transformed  and  nontransformed  cell  types  (21- 
23).  Western  analysis  of  cell  lysates  obtained  at  distinct  time 
points  after  radiation  treatment  indicated  persistent  increases 
in  p53  protein  levels  detected  at  all  times  between  6  and  72  h 
after  radiation  in  both  U87MG  and  their  T691stop  neu- 
transfected  derivatives  (Fig.  5).  The  zero  time  point  indicates 
cells  which  were  y-irradiated  and  immediately  lysed  for  anal¬ 
ysis.  p53  densities  were  comparable  at  this  time  point  to 
mock-irradiated,  cycling  cells  (data  not  shown).  We  observed 
a  10-fold  increase  in  p53  density  12  h  after  radiation  in 
U87/T691  cells,  as  compared  with  only  1.5-  to  3-fold  increases 
in  both  U87MG  cells  and  U87/T691  cells  at  all  other  time 
points  examined.  This  trend  was  consistently  observed  (four 
experiments),  and  was  seen  in  U87/T691  cells  as  early  as  6  h 
after  radiation  in  some  experiments,  and  suggests  that  p53- 
dependent  signaling  pathways  may  be  more  efficiently  acti¬ 
vated  by  disabling  the  EGFR  in  the  presence  of  genomic 
damage.  Alterations  in  p53-regulated  checkpoint  proteins 
have  been  observed  12  h  after  the  induction  of  genomic 
damage  by  y-irradiation  (24)  Growth  inhibition  and  differen¬ 
tiation  of  human  breast  cancer  cells  after  ligation  of  erbB 
receptors  has  been  associated  with  activation  of  a  p53- 
dependent  pathway  (25). 

p21  was  induced  in  both  U87MG  and  U87/T691  cells  after 
radiation  treatment,  with  highest  levels  seen  24  h  after  radi¬ 
ation  exposure  in  both  cell  lines.  In  both  U87MG  cells  and 
U87/T691  cells,  p21  protein  density  6-24  h  after  radiation  was 
comparable  (data  not  shown).  Although  others  (18)  have 
suggested  that  up-regulation  of  bcl-xL  is  associated  with  re¬ 
duced  apoptosis  in  human  glioma  cells,  we  detected  no  changes 
in  bcl-XL  protein  expression  after  radiation  in  either  U87MG 
or  U87/T691  cells.  Both  constitutive  and  radiation-induced 
bcl-xL  levels  were  comparable  in  U87MG  and  U87/T691  cells 
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Fig.  3.  Morphologic  assessment  of  apoptosis  in  human  glioma  cells 
after  y-irradiation.  All  cells  were  stained  with  DAPI  72  h  after  being 
exposed  to  -/-irradiation.  Parental  U87MG  cells  (a  and  c)  and  U87/ 
T691  clonal  derivatives  (b  and  d)  arc  depicted  at  two  magnifications. 
Nuclei  exhibiting  apoptotic  morphology  are  indicated  by  the  arrows. 
Parental  U373MG  cells  (e)  and  U373/T691  subclones  1  fe)  and  12  (/) 
arc  shown  after  staining  with  DAPI. 

(data  not  shown).  Examination  of  bax  and  bcl-2  protein  levels 
did  not  reveal  differences  between  glioblastoma  cells  and  their 
inhibited  subclones. 

Apoptosis  in  p53-Mutated  Human  Glioblastoma  Cells. 

U373MG  human  glioma  cells  contain  a  mutated  p53  gene 
product,  have  undetectable  levels  of  the  p21  protein  (26,  27), 
and  display  a  comparable  elevation  of  surface  EGFR  to 
U87MG  cells  by  flow  cytometric  analysis.  These  cells  were 
used  to  determine  whether  the  observed  apoptosis  after 
inhibition  of  EGFR-mediated  signaling  and  y-irradiation  was 
dependent  on  a  wild-type  p53  protein.  U373MG  cells  exhibited 
increases  in  levels  of  a  mutated  p53  protein  after  y-irradiation 
but  do  not  express  p21  constitutively  or  after  radiation  treat¬ 
ment  (data  not  shown,  ref.  27). 

We  expressed  the  truncated  T691stop  neu  protein  in 
U373MG  glioma  cells  and  confirmed  expression  at  levels 
comparable  with  U87/T691  cells  in  four  U373/T691  subclones 
by  metabolic  labeling  and  flow  cytometic  analysis  (data  not 
shown).  Surface  levels  for  the  T691stop  neu  mutant  receptor 
was  equivalent  in  U87/T691,  U373/T691  cl  1  and  U373/T691 
cl  12  subclones,  and  two  additional  T691stop  neu-expressing 
U373MG  derivatives.  U373/T691  subclones  were  capable  of 
growth  arrest  in  low  serum  and  displayed  a  lawn  of  confluent 
cells  without  the  development  of  morphologically  transformed 
foci  in  vitro  (data  not  shown),  indicating  that  wild-type  p53  and 
p21  proteins  were  not  required  to  arrest  growth  or  inhibit 
transformation  of  glioma  cells  in  which  erbB  signaling  was 
disabled. 


RT  Dose  (Gy) 

Fig.  4.  Clonogcnic  survival  after  irradiation.  Cells  were  plated  and 
y-irradiated  with  varying  doses  of  radiation  followed  by  incubation  for 
7-10  days  at  37°C  with  5%  CCF.  Colonies  were  then  stained  and  those 
with  >50  cells  were  counted  under  a  dissecting  microscope.  The  log 
survival  was  then  determined  by  calculating  the  ratio  of  the  number  of 
colonies  formed  to  the  number  of  cells  plated,  after  correcting  for 
plating  efficiency.  Similar  experiments  were  performed  three  times. 

U373/T691  cl  1  and  U373/T691  cl  12  subclones  exhibited 
increased  levels  of  apoptosis  over  parental  U373MG  cells  after 
radiation  (Figs.  2 B  and  3 E-G).  In  the  representative  experi¬ 
ment  shown,  two  U373/T691  subclones  exhibited  32%  and 
59%  apoptosis,  respectively,  72  h  after  y-irradiation,  compared 
with  2%  apoptosis  in  parental  U373MG  cells  and  20%  apo¬ 
ptosis  in  U87/T691  cells.  Disabling  EGFR  signaling  by  ex¬ 
pression  of  T691stop  neu  in  two  distinct  human  glioma  cell 
lines  containing  differences  in  p53  and  p21  status  resulted  in 
increased  radiation-induced  apoptosis  in  each  case.  Sensitiza¬ 
tion  of  human  glioblastoma  cells  to  genomic  damage  can  thus 
occur  in  the  absence  of  wild-type  p53  and  p21  proteins.  Taken 
together,  these  data  suggest  that  both  p53-dependent  (Fig.  5) 
and  p53-independent  pathways  may  mediate  sensitization  to 
cell  death  induced  by  a  combination  of  fra«.s-receptor  inhibi¬ 
tion  and  genomic  damage.  Of  note,  human  glioblastoma  cells 
in  which  EGFR  signaling  is  disabled  do  not  appear  to  be  more 
sensitive  to  either  prolonged  serum  deprivation  or  tumor 
necrosis  factor  a-mediated  cell  death  than  parental  cells  (data 
not  shown). 

DISCUSSION 

Specific  inhibition  of  EGFR  signaling  inhibits  cell  growth  and 
transformation  and  also  sensitizes  radioresistant  human  gli¬ 
oma  cells  to  radiation-induced  genomic  damage.  Glioblastoma 
cells  expressing  a  /rarw-dominant  pl85neu-derived  mutant 
receptor  exhibit  a  greater  Gi  phase  arrest  and  higher  levels  of 
apoptosis  after  radiation  than  their  parental  counterparts.  In 

U87MG  U87/T691 
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pS3  -»•  C  • —  — . —  —  «**  - - - 1 

Fig.  5.  Analysis  of  p53  induction  in  human  glioblastoma  cells  after 
y-irradiation.  10s  U87MG  and  U87/T691  cells  containing  a  wild-type 
p53  gene  product  were  plated  and  y-irradiated  (10  Gy)  after  attach¬ 
ment  overnight.  Lysates  were  then  taken  at  the  indicated  times  after 
radiation,  subjected  to  SDS/PAGE  and  immunoblotted  with  an 
antibody  reactive  with  p53.  Control  (C)  cells  were  MCF-7  breast 
cancer  cells  containing  immunorcactivc  p53  protein.  We  consistently 
demonstrated  more  robust  induction  of  the  p53  protein  at  12  h  after 
y-irradiation  in  U87/T691  subclones  on  four  independent  occasions. 
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mammalian  fibroblasts  (28)  and  in  specialized  neuronal  cells 
(29,  30),  serum  or  growth  factor  deprivation  can  lead  to 
apoptosis  under  particular  conditions.  Prolonged  serum  de¬ 
privation  alone  did  not  induce  apoptosis  in  human  glioblas¬ 
toma  cells  in  these  studies.  DNA  damage  combined  with  either 
disabling  of  erbB  receptor  signaling  or  serum  deprivation  was 
required  to  induce  apoptosis.  Apoptosis  was  induced  by  radi¬ 
ation  in  23%  of  U87MG  derivatives  and  in  32-59%  of 
U373MG-derived  subclones  in  which  EGFR  was  disabled 
(compared  with  only  1-2%  in  parental  cells)  in  full  growth 
media,  indicating  that  inhibition  of  EGFR  signaling  by  trans- 
receptor  inhibition  could  not  be  overcome  by  growth  in  serum. 
Serum  deprivation  combined  with  radiation  damage  increased 
observed  levels  of  apoptosis  in  both  parental  U87MG  cells  and 
T691stop  neu-expressing  human  glioblastoma  derivatives  to 
the  same  degree.  Notably,  after  DNA  damage,  the  apoptosis 
observed  by  disabling  erbB  receptor  signaling  at  the  cell 
surface  was  greater  than  that  seen  with  serum  deprivation. 
Counterintuitively,  these  data  also  reveal  that  growth-inhibited 
glioma  cells  are  more  sensitive  to  radiation-induced  cell  death. 
Induction  of  an  inhibitory  pathway  occurring  as  a  result  of 
EGFR  inhibition  may  thus  sensitize  cancer  cells  to  radiation- 
induced  growth  arrest  and/or  cell  death. 

Resistance  of  y-irradiated  cells  is  affected  by  the  functional 
state  of  distinct  oncogenes.  Expression  of  oncogenic  Ras  or 
Raf  diminishes  radiosensitivity  in  NIH  3T3  cells  (31-34)  and 
expression  of  the  Ras11  plus  either  c-  or  v-myc  oncogenes 
conferred  resistance  to  rat  embryo  fibroblasts  exposed  to 
y-irradiation  (35).  It  is  also  true  that  expression  of  various 
oncogenes  can  sensitize  cells  to  apoptosis,  upon  exposure  to 
low  serum  (28)  or  to  anticancer  agents  (21,  36).  Division  delay 
occurring  in  both  the  Gi  and  G2  phases  of  the  cell  cycle  is 
influenced  by  the  expression  of  dominant  oncoproteins  such  as 
H-ras  (17).  Expression  of  a  wild-type  p53  protein  has  been 
associated  with  decreased  survival  after  y-irradiation,  due  to 
the  induction  of  a  higher  fraction  of  apoptosis  over  cells 
containing  a  mutated  p53  protein  (21,  22).  Flowever,  tumor 
cells  containing  a  mutated  p53  protein  (37)  and  proliferating 
lymphoid  cells  derived  from  p53_/_  mice  (38)  have  been  shown 
to  undergo  apoptosis  after  radiation,  suggesting  p53- 
independent  mechanisms  of  cell  death  following  genomic 
damage. 

We  have  shown  that  p53-dependent  mechanisms  may  influ¬ 
ence  the  response  of  inhibited  glioma  cells  to  undergo  relative 
growth  arrest  and/or  apoptosis.  Our  results  in  U373MG- 
derived  cells  also  indicate  that  apoptotic  cell  death  occurring 
after  genomic  damage  in  transformed  human  cells  in  which 
EGFR  signaling  is  inhibited  involves  mechanisms  that  do  not 
require  wild-type  p53  and  p21  proteins.  p21~/“  mice  develop 
normally  and  do  not  appear  to  have  defects  in  programmed  cell 
death  required  for  normal  organ  development,  indicating  that 
p21  is  not  likely  to  be  required  for  apoptosis  (39).  p53  H  mice 
display  genetic  instability  and  contain  elevated  c-myc  levels 
(40).  These  mice  undergo  significant  levels  of  apoptosis  in  vivo, 
indicating  that  p53-independent  mechanisms  of  apoptosis  are 
functional  in  both  normal  tissues  (40)  and  transformed  cells 
(37). 

Interestingly,  recent  work  demonstrates  that  the  absence  of 
p21  in  isogenically  matched  colorectal  carcinoma  cells  resulted 
in  reduced  growth  arrest  when  compared  with  p21-positive 
derivatives  of  the  same  cell  line  and  this  was  correlated  to  more 
inhibited  tumor  growth  in  vivo  (3).  These  observations  were 
ascribed  to  increased  apoptosis  due  to  defects  in  p21-mediated 
checkpoint  growth  arrest,  though  the  increased  tendency  to 
apoptose  by  p21  /_  cells  was  not  directly  shown  in  this  work. 
Induction  of  apoptosis  was  suggested  to  be  preferable  to 
growth  arrest  as  a  response  to  anticancer  therapy  in  vivo  (3). 
In  our  studies,  unlike  those  of  Waldmann  et  al.  (3),  there  was 
a  correlation  between  apoptosis,  increased  growth  arrest,  and 
reduction  in  clonogenic  survival  after  radiation.  Pathways 


distal  to  the  specific  inhibitory  interaction  between  the 
T691  stop  mutant  neu  protein  and  the  EGF  receptor  determine 
tumor  responsiveness  to  genomic  damage  and  these  pathways 
can  be  modulated  by  proximal  erbB  receptor  associations. 
Specific  inhibitory  pathways  initiated  at  the  level  of  the  cell 
membrane  and  associated  with  growth  arrest  and/or  apoptosis 
may  modulate  subsequent  checkpoint  outcomes  in  response  to 
DNA  damage. 

Under  certain  circumstances,  particularly  in  cancer  cells, 
apoptosis  may  be  favored  after  genomic  damage  if  defects  in 
pathways  mediating  growth  arrest  are  present  (3).  Addition¬ 
ally,  when  cells  are  capable  of  undergoing  both  growth  arrest 
and  apoptosis,  as  in  the  case  of  p21-containing  and  -deficient 
human  glioma  cells  in  which  EGFR  signaling  was  disabled  in 
these  studies,  apoptosis  may  be  induced  after  certain  signals, 
such  as  radiation.  The  ability  or  inability  to  induce  growth 
arrest  per  se  does  not  appear  to  be  a  major  determinant  of 
radiosensitivity  because  both  radioresistant  parental  human 
glioblastoma  cell  lines  and  more  radiosensitive  derivatives 
exhibited  growth  arrest  with  prolonged  serum  deprivation  or 
exposure  to  radiation,  and  radiosensitive  subclones  displayed 
a  greater  degree  of  growth  arrest. 

Our  data  indicate  that  the  relative  proportion  of  growth 
arrest  or  apoptosis  induced  by  genomic  damage  is  influenced 
by  both  the  integrity  of  specific  checkpoints  and  alterations  in 
erbB-signaling  pathways.  Notably,  modulating  receptor  ty¬ 
rosine  kinase  signaling  pathways  may  influence  checkpoint 
outcomes  after  DNA  damage  in  transformed  cells.  Others  (41) 
have  shown  that  activation  of  erbB-signaling  pathways  in 
breast  cancer  cells  contributes  to  radioresistance,  suggesting 
that  erbB  family-signaling  pathways  influence  the  response  to 
DNA  damage  in  many  tumor  types.  By  combining  biologic 
inhibition  of  signaling  with  agents  capable  of  specifically 
inhibiting  receptor  oncoproteins  of  the  tyrosine  kinase  family, 
we  may  be  able  to  influence  the  kinetics  of  tumor  cell  response 
to  standard  cytotoxic  agents.  The  timing  of  administration  of 
cytotoxic  therapies  may  be  optimized  in  such  combination 
therapies  ,and  these  data  suggest  that  selective  antitumor 
effects  of  presently  available  anticancer  regimens  could  be 
improved,  even  in  the  treatment  of  advanced  human  malig¬ 
nancies  containing  alterations  in  multiple  checkpoint  signal 
transduction  pathways. 
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We  expressed  the  epidermal  growth  factor  receptor 
(EGFR)  along  with  mutant  pl85'"'"  proteins  containing 
the  rat  transmembrane  point  mutation.  The  work  con¬ 
cerned  the  study  of  the  contributions  made  by  various 
pl85"e“  subdomains  to  signaling  induced  by  a  het- 
erodimeric  ErbB  complex.  Co-expression  of  full-length 
EGFR  and  oncogenic  pl85nc“  receptors  resulted  in  an 
increased  EGF-induced  phosphotyrosine  content  of 
pl85"£'“,  increased  cell  proliferation  to  limiting  concen¬ 
trations  of  EGF,  and  increases  in  both  EGF-induced 
MAPK  and  phosphatidylinositol  3-kinase  (PI  3-kinase) 
activation.  Intracellular  domain-deleted  pl85"eu  recep¬ 
tors  (T691stop  neu)  were  able  to  associate  with  full- 
length  EGFR,  but  induced  antagonistic  effects  on  EGF- 
dependent  EGF  receptor  down-regulation,  cell 
proliferation,  and  activation  of  MAPK  and  PI  3-kinase 
pathways.  Ectodomain-deleted  pl85"e"  proteins  (TA5) 
were  unable  to  physically  associate  with  EGFR,  and  ex¬ 
tracellular  domain-deleted  pi  85"®“  forms  failed  to  aug¬ 
ment  activation  of  MAPK  and  PI  3-kinase  in  response  to 
EGF.  Association  of  EGFR  with  a  carboxyl-terminally 
truncated  pl85'""  mutant  (TAPstop)  form  did  not  in¬ 
crease  transforming  efficiency  and  phosphotyrosine 
content  of  the  TAPstop  species,  and  proliferation  of 
EGFR-TAPstop-co-expressing  cells  in  response  to  EGF 
was  similar  to  cells  containing  EGFR  only.  Thus,  neither 
cooperative  nor  inhibitory  effects  were  observed  in  cell 
lines  co-expressing  either  TA5  or  TAPstop  mutant  pro¬ 
teins.  Unlike  the  formation  of  potent  homodimer  assem¬ 
blies  composed  of  oncogenic  pl85',<'“,  the  induction  of 
signaling  from  pl85"e“-EGFR  heteroreceptor  assemblies 
requires  the  ectodomain  for  ligand-dependent  physical 
association  and  intracellular  domain  contacts  for  effi¬ 
cient  intermolecular  kinase  activation. 
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The  ErbB  family  includes  four  members  of  homologous  re¬ 
ceptor  tyrosine  kinases,  the  epidermal  growth  factor  receptor 
(EGFR1  or  ErbB-1)  (1),  ErbB-2-pl85ne"  (2,  3),  ErbB-3  (4),  and 
ErbB-4  (5).  ErbB  family  proteins  are  widely  expressed  in  epi¬ 
thelial,  mesenchymal,  and  neuronal  tissues,  and  play  impor¬ 
tant  roles  in  normal  growth  and  development  (6-9).  Aberrant 
expression  of  these  ErbB  proteins  is  frequently  observed  in 
human  malignancies  (10). 

The  transmembrane  mutation  in  rat  pl85"c''  (also  termed 
Tneu)  (12)  serves  as  a  paradigm  for  receptor  dimerization  that 
leads  to  constitutive  kinase  activation  contributing  to  onco¬ 
genic  transformation  (11-13).  Additional  support  for  this  mech¬ 
anism  has  come  from  the  identification  of  a  naturally  occurring 
activated  EGFR  oncoprotein  (AEGFR  or  EGFRvIII)  in  human 
tumors,  which  forms  constitutive  dimers  and  confers  increased 
tumorigenicity  (14,  15).  Gene  amplification  and  overexpression 
of  ErbB-2  have  been  observed  in  a  high  frequency  of  human 
adenocarcinomas,  including  those  of  the  breast  and  ovary,  and 
these  features  correlate  with  poor  clinical  prognosis  (16,  17). 
Experimental  support  for  this  model  is  provided  by  in  vitro 
transformation  assays  using  cell  lines  overexpressing  either 
protooncogenic  rat  pl85c'"''"  or  human  ErbB-2  at  levels  of  106 
receptors/cell  (18,  19).  Biochemical  and  biophysical  analysis  of 
baculovirus-expressed  pl85',e"  proteins  further  support  the  no¬ 
tion  of  receptor  oligomerization  as  a  mechanism  of  kinase  ac¬ 
tivation  of  normal  holoreceptors  (20,  21). 

Heterodimeric  interactions  govern  many  signaling  proper¬ 
ties  within  the  ErbB  receptor  family.  Co-expression  of  EGFR 
and  pl85c'!cw  at  modestly  elevated  levels  (105/cell)  (but  not 
either  receptor  independently)  results  in  synergistic  transfor¬ 
mation  (22),  due  to  increase  of  the  ligand  binding  affinity  and 
catalytic  kinase  activity  (23,  24).  Heterodimerization  of  EGFR 
and  ErbB-2  has  also  been  observed  in  human  breast  tumor 
lines  (25).  Moreover,  ligand  treatment  promotes  the  assembly 
of  an  activated  pl85c""c“-EGFR  kinase  complex  in  many  cells 
(24),  resulting  in  novel  distinct  cellular  signaling  events  (26). 
Therefore,  the  receptor  tyrosine  kinase  ensemble  can  be  acti¬ 
vated  not  only  by  homodimer  formation,  but  also  by  het¬ 
erodimeric  associations.  In  this  regard,  endodomain  interac¬ 
tions  between  pl85'"’"  and  EGFR  appear  to  influence 


1  The  abbreviations  used  are:  EGFR,  epidermal  growth  factor  recep¬ 
tor;  EGF,  epidermal  growth  factor;  PI  3-kinase,  phosphatidylinositol 
3-kinase;  HA,  hemagglutinin;  PAGE,  polyacrylamide  gel  electrophore¬ 
sis;  MAP,  mitogen-activated  protein;  MAPK,  MAP  kinase;  mAb,  mono¬ 
clonal  antibody;  aa,  amino  acid(s);  DMEM,  Dulbecco’s  modified  Eagle’s 
medium:  FBS,  fetal  bovine  serum;  PBS,  phosphate-buffered  saline; 
MTT,  3, (4, 5-dimethylthiazol-2-yl)2, 5-diphenyl  tetrazolium  bromide); 
ERK,  extracellular  signal-regulated  kinase;  BS3,  bis(sulfosuccinimidyl) 
suberate. 
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functional  signaling  outcomes  (27). 

In  response  to  EGF  or  Neu  differentiating  factor/heregulin  (a 
ligand  for  ErbB-3  and  ErbB-4)  family  ligands  (28,  29),  EGFR 
and  ErbB-2  both  form  heterodimers  with  ErbB-3  and  ErbB-4 
(30-34).  Heterodimers  between  pl85'le“-ErbB-2  and  ErbB-3 
are  associated  with  activated  signaling  and  the  transformed 
phenotype  in  primary  human  cancer  cells  (35).  Existence  of  an 
ErbB-3-ErbB-4  heterodimer  has  not  been  convincingly  demon¬ 
strated  to  date.  More  recent  data  support  the  notion  that 
pl85"e“-ErbB-2  is  the  preferred  heterodimerization  partner  of 
all  ErbB  receptors  and  a  mediator  for  divergent  cellular  sig¬ 
naling  in  many  distinct  cell  types  (34,  36). 

The  structural  basis  for  ErbB  receptor  heterodimerization 
has  not  been  completely  defined  and  crystallographic  informa¬ 
tion  on  dimerized  ErbB  receptor  kinases  is  currently  unavail¬ 
able.  Previous  work  has  revealed  that  ectodomain  interactions 
are  sufficient  to  stabilize  dimer  formation  between  pl85'"'"  and 
EGFR  in  fibroblasts  and  transformed  cells  (5,  37,  38),  which  is 
supported  by  observations  showing  that  a  partial  deletion  of 
the  EGF  receptor  ectodomain  still  allow  dimer  formation  and 
receptor  activation  (14,  15).  Although  the  transmembrane 
alone  can  stabilize  the  formation  of  pl85n*“  homodimers,  the 
relative  contributions  of  the  transmembrane  region  and  the 
ectodomain  have  not  been  directly  compared  regarding  the 
formation  of  signaling  heterodimers. 

In  this  study,  we  have  constructed  various  piss'1*"  deletion 
mutants  in  order  to  specifically  compare  signaling  events  re¬ 
sulting  from  associations  between  EGF  receptors  and  either 
pl85"B"  ectodomain-  or  endodomain-derived  mutant  receptors. 
We  have  co-expressed  EGFR  with  low  levels  of  pl85ne“  pro¬ 
teins,  or  their  mutant  derivatives,  to  monitor  pl85"*“ -mediated 
enhancement  of  cell  growth  and  transformation  in  vitro  and  in 
vivo,  and  to  analyze  the  influence  of  EGF-induced  het- 
erodimeric  receptor  interactions  on  downstream  signaling  ef¬ 
fectors.  Signaling  resulting  from  heterodimeric  associations 
between  full-length  EGFR  and  mutant  pi  85"*“  proteins  has 
revealed  the  functional  importance  of  pl85"*“  subdomains  in 
the  induction  of  Ras/extracellular  signal-regulated  kinase 
(ERK)  and  phosphatidylinositol  3-kinase  (PI  3-kinase)  path¬ 
ways  contributing  to  cell  growth  and  transformation. 

EXPERIMENTAL  PROCEDURES 

Antibodies — As  described  previously  (20,  39,  40),  monoclonal  anti¬ 
body  7.16.4,  polyclonal  antiserum  a-Bacneu,  and  NCT  are  reactive  with 
the  ectodomain,  intracellular  domain,  and  carboxyl  terminus  of  pl85'"'“, 
respectively.  mAb  225  reactive  with  the  ectodomain  of  EGFR  was  ob¬ 
tained  from  Dr.  John  Mendelsohn  (M.  D.  Anderson  Cancer  Center, 
Dallas,  TX).  A  polyclonal  rabbit  antiserum  specifically  against  the 
COOH  terminus  of  EGFR  (termed  CT)  was  provided  by  Dr.  Stuart 
Decker  (40).  The  anti-phosphotyrosine  monoclonal  antibody,  PY20,  was 
obtained  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA.). 

DNA  Constructs— Ml  the  deletion  mutants  were  derived  from  the  rat 
oncogenic  pl85"e"  cDNA  containing  a  single  point  mutation  (V664G)  in 
the  transmembrane  region.  The  TAPstop  mutant,  containing  a  122-aa 
truncation  of  the  COOH  terminus  was  prepared  as  described  previously 
(41).  A  T691stop  species  was  prepared  by  site-directed  mutagenesis  and 
substitution  of  a  stop  codon  for  Thr-691,  resulting  in  a  large  cytoplasmic 
deletion  (42,  43).  The  ectodomain-deleted  mutant  TA5  neu  protein  was 
described  previously  (27).  These  cDNAs  encoding  for  mutant  pl85n<!“ 
forms  were  all  cloned  into  the  pSV2neor/DHFR  vector  as  described  (44) 
for  expression  in  murine  fibroblasts.  These  wild-type  or  mutant  pl85'”'“ 
cDNAs  were  also  subcloned  into  pcDNA3  vector  for  transient  expres¬ 
sion  in  COS7  cells.  pSRaEGFR/hygr  vector  (44)  was  used  for  full-length 
EGFR  expression. 

Tran  sfection  and  Maintenance  of  Cell  Lines — Ten  micrograms  of  the 
pl85"""  constructs  were  transfected  into  NR6  cells,  a  mouse  fibroblast 
cell  line  devoid  of  endogenous  EGF  receptors  (43),  or  NE91  cells  ex¬ 
pressing  human  EGFR  (37)  by  calcium  phosphate  precipitation.  After 
2-3  weeks  of  selection  with  Geneticin  (0.9  mg/ml),  the  established 
stable  clones  were  screened  and  characterized.  Gene  amplification  by 
methotrexate  was  used  to  increase  the  pl85"c“  receptor  level.  Expres¬ 
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sion  of  pl85"c“  and  its  derivatives  in  resultant  subclones  was  examined 
by  flow  cytometric  analysis  following  anti-pl85"c“  mAb  7.16.4  staining. 
Surface  expression  of  pl85neu  proteins  was  then  estimated  by  compar¬ 
ing  the  mean  channel  fluorescent  intensity  with  that  of  B104-1-1  cells, 
as  the  level  of  pl85"e“  in  B104-1-1  cells  was  previously  determined  by 
126I-labeled  anti-neu  mAb  binding  assay  (22).  EGFR  numbers  in  NE91 
cells  and  mutant  pl85““  co-transfected  cells  were  determined  by  Scat- 
chard  assays  as  described  (37).  These  transfected  clones  were  main¬ 
tained  in  DulbeCco’s  modified  Eagle’s  medium  (DMEM)  containing  5% 
fetal  bovine  serum  (FBS,  HyClone)  at  37  °C  in  a  5%  C02  atmosphere. 

Cross-linking,  Immunoprecipitation,  and  Immunoblotting  Proce¬ 
dures — Subconfluent  cells  in  10-cm  dishes  were  washed  and  starved  in 
cysteine-free  DMEM  for  1  h,  and  grown  in  low  cysteine-containing  5% 
FBS-DMEM  containing  55  pCi/ml  [35S]cysteine  (Amersham  Pharmacia 
Biotech)  for  16  h  for  metabolic  labeling.  Alternatively,  the  unlabeled 
cells  were  cultured  overnight  in  10-cm  Petri  dishes.  After  treatment 
with  or  without  EGF,  cells  were  washed  twice  with  cold  phosphate- 
buffered  saline  (PBS)  and  treated  with  PBS  containing  2  mM  mem¬ 
brane-impermeable  cross-linker  bis(sulfosuccinimidyl)  suberate  (BS3, 
Pierce),  for  30  min.  After  quenching  the  cross-linking  reaction  with  a 
buffer  containing  10  mM  Tris-HCl  (pH  7.6),  0.9%  NaCl,  and  0.1  M 
glycine,  cells  were  washed  twice  with  cold  PBS  and  solubilized  with 
PI/RIPA  buffer  as  described  (24).  The  immunocomplexes  were  washed 
and  solubilized,  then  separated  by  gradient  SDS-PAGE  gels  (4-7.5%). 
Proteins  from  metabolically  labeled  cells  were  analyzed  by  autoradiog¬ 
raphy.  Proteins  from  unlabeled  cells  were  transferred  onto  nitrocellu¬ 
lose  and  then  immunoblotted  with  anti-phosphotyrosine  mAb  PY20, 
anti-EGFR  CT,  or  anti-pl85  antiserum  as  indicated  in  the  figures.  The 
protein  signals  were  identified  by  the  binding  of  125I-labeled  protein  A 
(NEN  Life  Science  Products),  or  by  enhanced  chemiluminase  (ECL) 
using  ECL  kit  from  Amersham  Pharmacia  Biotech. 

Receptor  Down-regulation  Studies — Cells  (1  X  10s)  were  plated  in  a 
six-well  dish  with  DMEM  containing  5%  FBS  overnight.  Cells  were 
then  treated  with  EGF  (50  ng/ml)  for  0-4  h  and  were  harvested  and 
washed  with  cold  PBS  containing  0.5%  bovine  serum  albumin  and  0.1% 
sodium  azide.  Cell  preparations  were  then  incubated  with  a  saturating 
amount  (0.5  pg/reaction)  of  anti-neu  mAb  7.16.4  or  anti-EGFR  mAb 
225,  or  an  irrelevant  mAB  (such  as  9BG5  against  the  hemagglutinin  of 
reovirus  receptor),  at  4  °C  for  30  min,  restained  with  fluorescein  iso¬ 
thiocyanate-conjugated  anti-mouse  IgG  (Sigma)  for  another  30  min 
after  extensive  washing.  Cells  were  then  fixed  with  2%  paraformalde¬ 
hyde  and  analyzed  by  flow  cytometry  (FACScan,  Becton  Dickinson),  as 
described  previously  (37).  Briefly,  after  subtracting  the  nonspecific 
background  staining  with  9BG5,  the  mean  channel  values  from  each 
time  point  were  used  to  determine  the  percentage  of  surface  expression 
of  EGFR  or  pl85"eu  proteins  at  the  various  time  points  after  EGF 
treatment. 

In  Vitro  and  in  Vivo  Transformation  Assays — Anchorage-independ¬ 
ent  growth  ability  was  determined  by  assessing  the  colony  forming 
efficiency  of  cells  suspended  in  soft  agar  (15,  37).  Cells  (1000/dish)  were 
suspended  in  7%  FBS-DMEM  containing  0.18%  agarose,  and  plated  on 
0.25%  basal  agar  in  each  dish.  Cells  were  fed  with  DMEM  supple¬ 
mented  with  7%  FBS-DMEM.  20  mM  HEPES  (pH  7.5).  Colonies  (>0.3 
mm)  were  visualized  at  day  21  for  all  cell  lines  after  stained  with 
p-iodonitrotetrazolium  violet  (1  mg/ml).  Each  cell  line  was  examined  in 
triplicate  samples  for  separate  experiments. 

To  analyze  the  tumor  growth  in  athymic  mice,  cells  (1  X  10s)  of  each 
line  were  suspended  in  0.1  ml  of  PBS  and  injected  intradermally  in  the 
mid-dorsum  of  NCR  nude  mice.  PBS  alone  was  also  injected  as  a 
control.  Animals  used  in  this  study  were  maintained  in  accordance  with 
the  guidelines  of  the  Committee  on  Animals  of  the  University  of  Penn¬ 
sylvania  and  those  prepared  by  the  Committee  on  Care  and  Use  of 
Laboratory  Animals  of  the  Institute  of  Laboratory  Animal  Resource. 
Tumor  growth  was  monitored  twice  a  week  up  to  10  weeks.  Tumor  size 
was  calculated  by  this  formula:  3.14/6  X  (length  x  width  X  thickness) 
as  described  (27). 

EGF-dependent  Cell  Proliferation  Assay — The  3,(4,5-dimethylthia- 
zol-2-yl)2, 5-diphenyl  tetrazolium  bromide)  (MTT)  assay  for  measuring 
cell  growth  has  been  described  previously  (38).  Briefly,  cells  (3000/well) 
of  each  cell  line  were  seeded  in  96-well  plates  overnight  in  DMEM 
containing  5%  FBS.  Cells  were  starved  in  serum-free  ITS-DMEM  for 
48  h,  then  cultured  in  100  pi  of  the  same  medium  plus  various  concen¬ 
trations  of  EGF  for  another  48  h.  25  pi  of  MTT  solution  (5  pg/ml  in  PBS) 
were  added  to  each  well,  and  after  2  h  of  incubation  at  37  °C,  100  pi  of 
the  extraction  buffer  (20%  w/v  SDS,  50%  AI,lV-dimethyl  formamide,  pH 
4.7)  was  added.  After  an  overnight  incubation  at  37  °C,  the  optical 
density  at  600  nm  was  measured  using  an  enzyme-linked  immunosor¬ 
bent  assay  reader.  Each  value  represents  a  mean  of  four  samples. 
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MAP  Kinase  and  PI  3-Kinase  Immune  Complex  Kinase  Assays — 
C0S7  cells  were  transiently  transfected  with  pcDNA3-HA-ERK2  (a  gift 
from  Silvio  Gutkind,  National  Institutes  of  Health,  Bethesda,  MD)  and 
pSRaEGFR/hygr,  along  with  either  empty  vector  or  plasmids  express¬ 
ing  wild-type  or  mutant  pl85c'"c"  using  LipofectAMINE  (Life  Technol¬ 
ogies,  Inc.)  according  to  the  manufacturer’s  instructions  and  assayed 
48  h  after  transfection.  Cells  deprived  of  serum  for  16-20  h  were 
treated  with  or  without  EGF  (50  ng/ml)  for  5  min.  For  MAP  kinase 
assay,  cells  were  lysed  with  RIPA  buffer  (25  mM  Tris-HCl  (pH  7.5),  0.3 
M  NaCl,  1.5  mM  MgCl2,  1  mM  MgCl2,  0.2  mM  EDTA,  0.5  mM  dithiothre- 
itol,  1%  Triton  X-100,  0.5%  sodium  deoxycholate,  0.1%  SDS,  20  mM 
/3-glycerophosphate,  1  mM  sodium  orthovanadate,  10  pg/ml  aprotinin,  1 
mM  phenylmethylsulfonyl  fluoride,  10  pg/ml  leupeptin).  Protein  concen¬ 
trations  were  determined  by  the  BCA  kit  (Pierce).  Equal  amounts  of 
protein  (100  pg)  from  cell  extracts  were  immunoprecipitated  with  an- 
ti-HA  (BabCo).  After  washing  extensively,  the  immunocomplexes  were 
then  incubated  with  50  pi  of  reaction  buffer  (30  mM  HEPES  (pH  7.4),  10 
mM  MaCl2,  1  mM  dithiothreitol,  5  pM  ATP)  containing  1  pCi  of 
[y-32P]ATP  (NEN  Life  Science  Products)  and  2  pg  of  myelin  basic 
protein  (Upstate  Biotechnology  Inc.).  After  incubation  for  20  min  at 
30  °C,  kinase  reactions  were  terminated  by  the  addition  of  2X  Laemmli 
sample  buffer.  The  samples  were  then  resolved  by  SDS-PAGE,  and  the 
phosphorylated  myelin  basic  protein  was  visualized  by  autoradiography. 

PI  3-kinase  immune  complex  assays  were  carried  out  as  described 
(45)  with  slight  modifications.  Cells  were  lysed  in  Nonidet  P-40  lysis 
buffer  (20  mM  Tris-HCl  (pH  7.4),  137  mM  NaCl,  1  mM  MgCl2,  1  mM 
CaCl2,  10%  glycerol,  1%  Nonidet  P-40,  1  mM  sodium  orthovanadate,  10 
pg/ml  aprotinin,  1  mM  phenylmethylsulfonyl  fluoride,  1  pg/ml  leupep¬ 
tin).  Equal  amounts  of  protein  (600  pg)  from  cell  extracts  were  immu¬ 
noprecipitated  with  anti-phosphotyrosine  4G10  (Upstate  Biotechnology 
Inc.)  for  3  h.  Protein  A-Sepharose  was  then  added  and  rotated  at  4  °C 
for  overnight.  Immunocomplexes  were  washed  twice  with  lysis  buffer; 
twice  with  100  mM  Tris  (pH  7.4),  0.5  M  LiCl,  0.2  mM  sodium  orthovana¬ 
date,  plus  0.2  mM  adenosine;  and  twice  with  reaction  buffer  (10  mM 
HEPES  (pH  7.5),  5  mM  EDTA,  150  mM  NaCl).  The  beads  were  resus¬ 
pended  in  40  pi  of  reaction  buffer  containing  substrate  mixture  (phos- 
phatidylinositol,  phosphatidylinositol  4-phosphate,  and  phosphatidyl- 
serine  dispersed  by  sonication  in  10  mM  HEPES  (pH  7.5),  1  mM  EGTA). 
The  tubes  were  incubated  at  room  temperature  for  10  min  and  reaction 
were  initiated  by  adding  5  pCi  of  [y-32P]ATP  (NEN  Life  Science  Prod¬ 
ucts)  per  reaction  in  5  pi  of  500  mM  ATP  and  terminated  by  addition  of 
80  pi  of  CHCl3:CH.jOH  (1:1)  after  another  10  min.  Phospholipids  were 
extracted,  desiccated,  and  redissolved  as  described  (45).  The  samples 
were  the  chromatographed  on  thin  layer  chromatography  plates  (pre¬ 
coated  with  potassium  oxalate  and  baked  at  100  °C  for  1  h  before  use) 
in  CHC13:CH0H:2.5  m  NH,0H:H20  (45:35:2.7:7.3).  Spots  correspond¬ 
ing  to  phosphatidylinositol  3-phosphate  and  phosphatidylinositol  3,4- 
bisphosphate  were  visualized  after  autoradiography.  Unlabeled  phos¬ 
pholipid  standards  were  included  and  were  visualized  by  exposure  to 
iodine  vapor. 


RESULTS 

Expression  of  EGFR  and/or  Mutant  pi 85'"’"  Proteins — Cell 
lines  expressing  EGFR  and  various  pl85"e"  deletion  mutant 
proteins  derived  from  full-length  transforming  pl85"<’"  were  all 
generated  in  the  NR6  cell  background  (43).  In  addition,  stable 
transfectants  derived  from  NR6  fibroblasts  expressing  human 
EGFR  (termed  NE91  cells)  were  also  generated.  NE91  cells,  as 
well  as  NR6  parental  cells,  were  then  transfected  with  various 
p!85"c"  cDNA  constructs  to  express  one  of  the  following  mu¬ 
tant  pl85'"'"  proteins  with  or  without  EGFR,  respectively  (Fig. 
1):  (a)  Er/pl85"e“  or  piss'”'"  (full-length  oncogenic  pl85n<?" 
product),  (b)  Er/T691stop  or  T691stop  (lacking  591  aa  from  the 
carboxyl  terminus),  (c)  Er/TAPstop  or  TAPstop  (a  122-aa  trun¬ 
cation  at  carboxyl  terminus),  and  ( d )  Er/TA5  or  TA5  (an  ectodo- 
main  deleted  pl85”c"  product,  also  termed  TA5).  A  schematic 
representation  of  the  oncogenic  pl85'"’"  protein  and  its  mutant 
derivative  species  is  shown  in  Fig.  1. 

B104-1-1  murine  fibroblasts  transformed  by  the  expression 
of  oncogenic  pl85"e"  were  used  as  a  positive  control,  since 
surface  expression  of  pl85'"'"  biochemical  features  of  piss'”7" 
homodimerization  and  pl85',<7"  transforming  potency  have 
been  characterized  previously  (13,  22,  27).  As  shown  in  Table  I, 
relative  expression  levels  of  various  pl85"<’"  mutant  proteins  in 


Signal  CRD  CRD  TM  TK  CT 
Sequence 

_  _  _ 00© 


EGFR 

000 

Tneu 

|”~] —  | — 

T691stop 

roc 

TAPslop 

1  ] j  1 — 1 

HHIhd 

zzi 

TA5 

OEKZZ 

Signal 

Sequence 


Fig.  1.  Schematic  representation  of  EGFR  and  mutant  pl85"°“ 
proteins.  Locations  of  cysteine-rich  subdomains  (CRD),  transmem¬ 
brane  region  ( TM)  containing  the  point  mutation  V664E  (*),  tyrosine 
kinase  domain  (TK),  and  carboxyl-terminal  region  (CT)  are  indicated. 
Tneu  is  the  full-length  transforming  rat  pl85"‘r1'.  T691stop  contains  a 
stop  codon  substituting  for  Thr-691  at  the  amino  terminus  to  the  TK 
domain.  TAPstop  contains  a  120-aa  truncation  within  the  carboxyl 
terminus  of  pl85'"'".  TA5  is  generated  by  the  deletion  of  ectodomain  of 
pl85"''"  but  retains  —10  aa  and  the  signal  sequence.  These  mutant 
pl85'"’"  proteins  were  either  expressed  alone  or  co-expressed  with 
EGFR  in  NR6  transfected  cells. 


selected  clones  were  estimated  by  a  comparison  with  B104-1-1 
cells,  while  the  expression  of  EGFR  in  these  cells  was  esti¬ 
mated  by  Scatchard  analysis.  In  order  to  observe  an  enhance¬ 
ment  of  EGFR-mediated  cellular  signaling  and  transformation, 
clone  Er/pl85"e“  expressing  a  moderately  low  level  of  both 
receptors  (~104/cell)  was  chosen.  In  other  subclones,  the  ex¬ 
pression  of  EGFR  and/or  mutant  pl85'”"  proteins  was  approx¬ 
imately  ~10r>  receptors/cell. 

The  Ectodomain  of  pl85na"  Is  Required  for  Heterodimeriza¬ 
tion  with  EGFR — Stable  cell  lines  expressing  EGFR  and/or 
mutant  piss'”7"  proteins  were  used  to  assess  dimer  formation 
using  the  chemical  cross-linker  BS3.  As  shown  in  Fig.  2,  B104- 
1-1  cells  expressing  oncogenic  piss'”7"  contained  pl85"e"  ho¬ 
modimers  (—370  kDa)  independent  of  ligand  stimulation  (Fig. 
2A,  lane  1),  due  to  the  activating  transmembrane  mutation 
(12).  A  cell  line  expressing  the  ectodomain-derived  T691stop 
neu  alone  was  used  as  a  control  to  demonstrate  the  sizes  of  the 
monomer  and  dimer  of  this  truncated  piss'”7"  protein,  which 
migrated  at  approximately  115  kDa  (Fig.  2A,  lanes  2  and  3), 
and  at  —230  kDa  in  the  presence  of  a  chemical  cross-linker 
(Fig.  2A,  lane  3). 

In  the  presence  of  EGF,  the  170-kDa  monomeric  form  and 
the  340-kDa  homodimer  of  EGFR  were  both  detected  in  NE91 
cells  expressing  EGFR  alone,  and  in  Er/T691stop  cells  (Fig.  2A, 
lanes  4  and  5,  respectively).  An  additional  intermediate  band  of 
—285  kDa  representing  the  heterodimer  of  EGFR  and 
T691stop  was  clearly  detectable  upon  anti-EGFR  immunopre- 
cipitation  (Fig.  2A,  lane  5).  The  285-kDa  intermediate  complex 
was  similar  to  the  heterodimer  composed  of  EGFR  and  trun¬ 
cated  N691stop  derived  from  proto-oncogenic  pl85c'ne"  as  de¬ 
scribed  previously  (44),  except  that  the  heterodimeric 
EGFR-N691stop  complex  was  even  more  predominant  than  the 
EGFR  homodimer  in  those  studies.  Notably,  T691stop  is  still 
able  to  complex  with  EGFR  (lane  5)  even  under  conditions 
favorable  for  T691stop  homodimerization  (lane  3).  Densitomet- 
ric  analysis  suggested  that  at  least  50%  of  the  EGFR  associated 
with  T691stop  neu  in  a  heterodimeric  complex  in  Er/T691stop 
cells  (Fig.  2A,  lane  5),  further  suggesting  the  strong  preference 
for  EGFR-pl85m7"  heterodimerization. 

We  have  previously  studied  complex  formation  between  the 
pl85"c"  and  EGFR  holoreceptors  (22,  24,  37)  and  heterodimer- 
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Table  I 

Transformation  parameters  and  relative  receptor  expression  levels  of  cell  lines 
The  number  of  EGFR  on  NE91  and  other  transfected  cells  was  determined  by  Scatchard  assays.  Cell  surface  expression  of  neu  proteins  were 
estimated  by  comparing  the  mean  channel  fluorescent  intensity  with  that  from  B104-1-1  cells  using  flow  cytometry  analysis.  pl85new  on  B104-1-1 
cells  was  originally  determined  by  an  125I-labeled  anti-neu  mAb  binding  assay  (22).  For  the  tumor  growth  assay,  individual  clones  (1  X  106 
cells/site)  were  injected  intradermally  into  athymic  mice.  NT,  no  tumor  after  10  weeks;  ND,  not  determined. 
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Fig.  2.  Homodimerization  and  heterodimerization  of  EGFR  and  pl85'“'“  proteins.  A,  cells  were  labeled  with  [35S]cysteine  overnight.  Cell 
lines  expressing  EGFR  ( lanes  4  and  5)  were  then  stimulated  with  EGF  (200  ng/ml)  at  37  °C  for  10  min.  All  cells  (except  lane  2)  were  treated  with 
the  chemical  cross-linker  BS3  (2  mM).  Cell  lysates  were  then  immunoprecipitated  with  anti-neu  mAb  7.16.4  or  anti-EGFR  antiserum  CT  as 
indicated.  Proteins  were  separated  by  4-8%  gradient  SDS-PAGE  and  analyzed  by  autoradiography.  The  estimated  molecular  weight  of  monomers 
and  dimers  is  indicated.  B  and  C,  cell  lines  expressing  EGFR  (NE91,  Er/TA5,  and  Er/TAPstop)  were  stimulated  with  EGF.  After  BS3  treatment, 
all  the  cells  were  lysed  and  subjected  to  immunoprecipitation  with  either  anti-neu  (7.16.4  or  NCT)  or  anti-EGFR  (CT)  antibodies,  then 
immunoblotted  with  either  the  anti-neu  (NCT  or  a-Bacneu)  or  anti-EGFR  probe  (CT)  as  indicated. 


ization  between  ectodomain  pl85"e“  and  either  full-length  (37, 
44)  EGFR  or  a  form  of  EGFR  that  lacks  the  majority  of  subdo¬ 
mains  1  and  2  (15)  by  immunoprecipitation  and  immunoblot- 
ting  using  anti-receptor  specific  antibodies  following  EGF  and 
chemical  cross-linker  treatment. 

In  this  next  set  of  studies,  we  extended  these  observations  to 
novel  species  of  pl85"e“.  Er/Nneu  cells  expressing  higher  levels 
of  EGFR  and  normal  pl85c'n<!!'  served  as  a  positive  control  to 
examine  the  physical  association  of  EGFR  with  truncated  mu¬ 
tant  pl85"e"  receptor  forms  (Fig.  2 C,  lane  1).  The  heterodimer 
between  full-length  pl85ne“  with  EGFR  in  Er/neu  cells  could 
not  be  detected  due  to  low  expression  levels  of  each  receptor 
(data  not  shown).  Abundant  levels  of  the  EGFR  monomer  and 
dimer  were  detected  in  Er/TAPstop  cells  by  anti-EGFR  immu¬ 
noprecipitation  and  immunoblotting  (Fig.  2C,  lane  3).  Analysis 
of  anti-plSS"™  immunoprecipitates  by  immunoblotting  with 
anti-EGFR  antisera  indicated  EGF-induced  heterodimeriza¬ 
tion  of  EGFR  and  TAPstop  in  Er/TAPstop  cells  (Fig.  2C,  lane  2). 
As  expected,  the  size  of  this  complex  was  slightly  smaller  when 
compared  with  the  heterodimer  of  EGFR  and  full-length  nor¬ 
mal  pl85,lc"  in  Er/Nneu  cells  (Fig.  2C,  lane  1).  The  control  cell 
line  expressing  TAPstop  alone  showed  that  TAPstop  was  only 
recognized  by  an  anti-neu  antibody  (Fig.  2C,  lane  5),  but  not  by 


anti-EGFR  antibody  CT  (Fig.  2C,  lane  4). 

Heterodimerization  between  EGFR  and  the  ectodomain-de- 
leted  TA5  pl85'!™  mutant  was  also  analyzed.  TA5  can  be  rec¬ 
ognized  by  either  the  a-Bacneu  or  anti-NCT  polyclonal  antisera 
reactive  with  the  intracellular  domain  or  carboxyl  terminus  of 
the  pl85"£“  protein,  respectively.  Immunoblotting  showed  that 
the  size  of  the  TA5  neu  mutant  was  approximately  95-97  kDa, 
and  the  detectable  dimeric  form  was  about  —200  kDa  (Fig.  2 B, 
lane  1 ).  Er/TA5  cells  express  a  high  level  of  EGFR  and  TA5,  as 
homodimers  of  either  form  were  clearly  detected  in  the  pres¬ 
ence  of  cross-linker  (Fig.  2JB,  lanes  2  and  3),  when  compared 
with  control  cell  lines  NE91  and  TA5  (Fig.  2 B,  lanes  1  and  4). 
However,  unlike  Er/T691stop  and  Er/TAPstop  cells,  the  het¬ 
erodimer  between  EGFR  and  TA5  in  Er/TA5  cells  was  unde¬ 
tectable  following  EGF  and  BS3  treatment  since  the  predicted 
intermediate  size  (—270  kDa)  complex  representing  EGFR  and 
TA5  heterodimer  was  not  observed  (Fig.  2 B,  lanes  2  and  3).  In 
an  attempt  to  identify  the  association  of  EGFR  with  this 
ectodomain-deleted  TA5  protein,  several  alternative  assays 
were  performed,  such  as  using  the  membrane-permeable  chem¬ 
ical  cross-linker  DSP  (Pierce),  or  a  mild  detergent  digitonin 
lysis  buffer.  These  methods  were  sensitive  enough  to  detect  the 
complex  formation  between  full-length  pl85”e“  and  TA5  (27). 
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EGFR  and  mutant  pl85n<!"  proteins  in 
living  cells.  Cells  in  panels  A ,  C,  and  E 
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However,  the  association  of  EGFR  and  TA5  was  still  undetect¬ 
able  (data  not  shown).  Taken  together,  these  results  strongly 
suggest  that  the  ectodomain  of  the  pl85"e"  receptor  is  neces¬ 
sary  and  sufficient  for  heterodimerization  with  holoreceptor 
EGFR. 

Tyrosine  Kinase  Activity  in  Living  Cells — It  has  been  well 
documented  that  EGF,  in  an  EGFR-dependent  manner,  stim¬ 
ulated  phosphorylation  of  the  pl85c'"ra  and  c-ErbB-2  gene 
products  with  a  concomitant  increase  in  their  tyrosine  kinase 
activities  (46-49).  Heterodimerization  of  pl85  and  EGFR  fa¬ 
cilitates  cross-phosphorylation  (24,  25),  since  a  full-length,  ki¬ 
nase-deficient  pl85"e"  mutant  (K757M)  is  trans-phosphoryl- 
ated  upon  physical  association  with  EGFR  (37).  We  next 
examined  the  tyrosine  phosphorylation  level  of  pl85"“"  deriv¬ 
atives  in  living  cells  in  response  to  EGF  treatment.  After  the 
addition  of  EGF,  oncogenic  pl85'ie"  and  its  derivatives  were 
immunoprecipitated  by  anti-neu  antibodies,  and  receptor  phos- 
photyrosine  content  in  vivo  was  detected  by  immunoblotting 
with  an  anti-phosphotyrosine  antibody  (PY20)  (Fig.  3).  Full- 
length  pl85'"'"  from  control  B104-1-1  fibroblasts  displayed  con¬ 
stitutive  kinase  activity  (Fig.  3A,  lane  1 ).  Upon  EGF  stimula¬ 
tion,  there  was  indeed  an  additional  increase  in  tyrosine  kinase 
activity  of  pl85n<?"  in  Er/neu  cells  expressing  lower  amounts  of 
the  pl85ne“  protein  (Fig.  3A,  lanes  4  and  5),  but  not  in  cells 
expressing  pl85"e"  alone  ( lanes  2  and  3).  A  weak  tyrosine 
phosphorylation  signal  was  detected  in  TAPstop  cells  (Fig.  3A, 
lane  6).  EGF  stimulation  did  not  appreciably  increase  the  ty¬ 
rosine  phosphorylation  of  TAPstop  in  EGFR-co-expressing  cells 
(Fig.  3A,  lanes  7  and  8 ),  although  the  association  of  EGFR  and 
TAPstop  was  evident  (Fig.  2C).  Truncation  of  the  pl85"c"  car¬ 
boxyl  terminus,  and  deletion  of  at  least  three  known  critical 
tyrosine  residues,  was  associated  with  the  failure  to  trans- 
phosphorylate  the  plSS"™  mutant  protein.  Elimination  of  the 
ectodomain  did  not  impair  the  intrinsic  kinase  activity  of 
pl85"c"-derived  TA5,  since  the  TA5  mutant  receptor  was  still  a 
competent  tyrosine  kinase  (Fig.  3C,  lane  1).  However,  unlike 
the  full-length  p!85n™,  no  further  increase  in  tyrosine  phos¬ 


phorylation  of  TA5  was  detected  in  Er/TA5  cells  with  EGF 
stimulation  (Fig.  3 C,  lane  2  and  3).  In  Er/TA5  cells,  the  EGFR 
was  also  immunoprecipitated  by  the  anti-Bacneu  antisera  and 
still  autophosphorylated  after  EGF  treatment  (Fig.  3C,  lane  3). 
These  results  correlated  with  failure  to  detect  physical  inter¬ 
actions  between  EGFR  and  TA5  proteins  (Fig.  2).  Reprobing 
with  anti-neu  antibodies  (Fig.  3,  A  and  C)  confirmed  equivalent 
protein  loading  in  paired  samples  with  or  without  EGF  treat¬ 
ment  (Fig.  3,  B  and  D).  These  experiments  indicated  that  the 
full-length  pl85ne“  receptor,  but  not  mutant  pl85'le"  proteins 
with  NH2-terminal  or  distal  COOH-terminal  truncations,  was 
able  to  interact  with  activated  EGFR  functionally,  resulting  in 
trans-phosphorylation. 

We  next  analyzed  tyrosine  kinase  activation  in  EGFR-posi- 
tive  NE91  cells  with  or  without  T691stop  neu  co-expression. 
Treatment  with  EGF  and  a  chemical  cross-linking  reagent 
resulted  in  heavy  tyrosine  phosphorylation  of  EGFR  monomers 
and  homodimers  in  NE91  cells  (Fig.  3 E,  lane  1 ).  No  detectable 
tyrosine  phosphorylation  of  cytoplasmic  domain-deleted 
T691stop  neu  was  seen  in  cells  with  or  without  EGFR  co¬ 
expression  (Fig.  3 E,  lanes  2  and  3,  respectively).  In  addition, 
the  tyrosine  phosphorylation  signal  of  an  intermediate  band 
(—285  kDa)  representing  EGFR-T691stop  heterodimeric  com¬ 
plex  was  also  undetectable  (Fig.  3 E,  lane  2),  although  a  signif¬ 
icant  portion  of  EGFR  forms  a  heterodimer  with  T691stop 
under  these  conditions  (Fig.  2A,  lane  5).  Tyrosine  kinase  acti¬ 
vation  of  full-length  EGFR  was  thus  completely  inhibited  when 
EGFR  was  physically  associated  with  the  T691stop  neu  mutant 
protein,  which  correlates  with  reduction  of  the  transformed 
phenotype  of  primary  EGFR-positive  glioma  cells  expressing 
T691stop  neu  (42).  Moreover,  these  results  are  consistent  with 
the  observation  from  cells  co-expressing  EGFR  with  N691stop 
neu  derived  from  normal  plSS"0"  (37). 

Re-probing  the  membrane  with  an  anti-EGFR  antibody  (CT) 
showed  total  EGFR  levels  in  NE91  cells  (Fig.  3 F,  lane  1 ),  and 
confirmed  the  presence  of  the  EGFR-T691stop  heterodimer 
(—285  kDa),  since  this  complex  was  recognized  by  anti-neu  in 
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Fig.  4.  EGF-mediated  receptor 
down-regulation.  Cells  were  plated  in 
six-well  dishes  overnight  and  treated 
with  EGF  (50  ng/ml)  for  0-4  h  at  37  °C. 
Cells  were  then  washed  with  fluores¬ 
cence-activated  cell  sorting  buffer  and 
stained  with  anti-neu  mAh  7.16.4  or  anti- 
EGFR  mAh  425  as  indicated.  After  sub¬ 
tracting  the  background  staining  with  ir¬ 
relevant  mAb  9BG5,  the  percentage  of  cell 
surface  receptor  expression  reflected  by 
the  mean  fluorescent  intensity  from  each 
treated  sample  verses  that  from  a  non- 
treated  sample  was  plotted  against  EGF 
treatment  time.  A,  NE91  and  Er/TA5;  B, 
Er/T691stop;  C,  Er/neu;  D,  TAPstop  and 
Er/TAPstop. 


immunoprecipitation  and  anti-EGFR  in  immunoblotting  (Fig. 
3 F,  lane  2).  Lysates  obtained  from  T691stop  neu-expressing 
cells  did  not  react  with  the  anti-EGFR  CT  probe  (Fig.  3 F,  lane 
3).  Although  the  cytoplasmic  domain  deletion  in  T691stop  did 
not  impair  heterodimerization  with  EGFR,  the  undetectable 
phosphotyrosine  content  of  the  intermediate  heterodimer  sug¬ 
gested  that  EGFR  kinase  activity  was  reduced  when  associated 
with  T691stop  neu.  These  experiments  further  support  our 
model  that  the  heteroreceptor  assembly  mediated  primarily  by 
ectodomain  interactions  facilitates  kinase  trans-activation  and 
trans-phosphorylation  caused  by  interactions  between  cyto¬ 
plasmic  domains  (15,  27,  37). 

EGF-induced  Receptor  Down-regulation  from  the  Cell  Sur¬ 
face — Numerous  studies  indicate  that  ligand-mediated  recep¬ 
tor  endocytosis  and  degradation  is  a  kinase-dependent  process 
for  many  types  of  growth  factor  receptors  (50).  We  found  that 
the  efficiency  of  receptor  down-regulation  and  degradation  in 
cells  co-expressing  EGFR  and  pl85"e“  correlated  well  with 
heterodimeric  kinase  activities  (37).  We  used  this  method  as  an 
alternative  assay  to  examine  the  kinase  activity  of  various 
heterodimers. 

Cells  were  incubated  with  EGF  (50  ng/ml)  for  various  times 
prior  to  cell  surface  staining  with  anti-neu  mAb  7.16.4  or  anti- 
EGFR  mAb  225  followed  by  the  staining  with  fluorescein  iso¬ 
thiocyanate-conjugated  anti-mouse-IgG.  Cell  surface  expres¬ 
sion  of  each  receptor  was  analyzed  using  flow  cytometric 
analysis,  EGF  treatment  of  NE91  cells  (expressing  EGFR  only) 
resulted  in  a  reduction  of  cell  surface  EGFR,  and  over  60%  of 
EGF  receptors  disappeared  from  the  cell  surface  after  4  h  of 
treatment  (Fig.  4A).  Normal  EGFR  down-regulation  was  not 
affected  by  the  co-expression  of  TA5,  as  the  efficiency  of  EGFR 
down-regulation  in  Er/TA5  cells  was  very  similar  to  that  seen 
in  NE91  cells  (Fig.  4A).  A  similar  EGFR  down-regulation  curve 
was  observed  in  Er/neu  and  Er/TAPstop  cells  (Fig.  4,  C  and  D, 
respectively),  indicating  that  the  EGFR  behaves  as  an  active 
receptor  kinase  in  these  cells.  Moreover,  about  —20%  of  p  185'“’" 
or  25%  TAPstop  was  co-down-regulated  with  EGFR  upon  EGF 


stimulation  (Fig.  4,  C  and  D).  As  illustrated  above,  the  low 
expression  of  pl85'!e“  and  EGFR  in  Er/neu  cells  was  insuffi¬ 
cient  to  demonstrate  the  physical  association  of  the  two  recep¬ 
tors  biochemically.  The  current  assay  was  more  sensitive  in 
determining  EGF-mediated  receptor  interactions.  Control  cells 
expressing  TAPstop  alone  did  not  respond  to  EGF  treatment, 
and  the  surface  expression  of  TAPstop  remained  unchanged 
within  the  period  of  EGF  treatment  (Fig.  4 D). 

Analysis  using  an  EGF-mediated  pulse-chase  assay  showed 
that  the  down-regulated  EGFR  and  co-down-regulated  TAP¬ 
stop  proteins  efficiently  went  into  the  degradation  pathway 
(data  not  shown),  similar  to  the  cells  overexpressing  EGFR  and 
pl85”®“  (37).  Our  data  suggested  that  EGFR  and  either  pl85"e“ 
or  TAPstop  associated  into  an  active  kinase  complex  and  that 
these  receptor  assemblies  exhibited  comparable  kinetics  of  re¬ 
ceptor  endocytosis. 

However,  co-expression  of  T691stop  with  EGFR  resulted  in 
diminished  EGF-induced  down-regulation  of  EGFR.  The  max¬ 
imal  reduction  of  surface  EGF  receptor  was  —35%  after  4  h.  In 
addition,  no  detectable  co-down-regulation  of  the  cytoplasmic 
domain  deleted  T691stop  was  observed  in  Er/T691stop  cells 
(Fig.  4 B),  correlating  with  the  observation  of  the  inactive  het¬ 
erodimer  of  EGFR-T691stop  (Fig.  3,  E  and  F).  This  finding 
supports  the  idea  that  receptor  down-regulation  is  coupled  to 
receptor  tyrosine  kinase  activity.  The  formation  of  the  inactive 
heterodimer  between  EGFR  and  T691stop  neu  proteins  influ¬ 
enced  the  overall  kinetics  of  EGFR  down-regulation.  Impair¬ 
ment  of  ligand-induced  down-regulation  of  holo-EGFR  by 
T691stop  neu  has  also  been  observed  in  primary  human  cancer 
cells.2 

Transforming  Potency  of  Cells  Expressing  Mutant  pl85neu 
Proteins  with  or  without  EGFR — We  and  others  have  showed 
that  the  transforming  potency  of  pl85"B"  requires  not  only  its 
intrinsic  tyrosine  kinase  activity  (13),  but  also  the  crucial  role 


2  D.  M.  O'Rourke  and  M.  I.  Greene,  unpublished  observations. 
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Fig.  5.  EGF-induced  cell  prolifera¬ 
tion.  Cells  were  plated  in  96-well  plates 
(3000/well)  overnight  in  DMEM  contain¬ 
ing  5%  FBS.  After  starvation  in  serum- 
free  media  for  48  h,  cells  were  grown  in 
the  same  media  supplemented  with  vari¬ 
ous  concentrations  of  EGF  as  indicated 
for  an  additional  48-h  period.  Cell  prolif¬ 
eration  was  determined  by  the  MTT  assay 
as  described  under  “Experimental  Proce¬ 
dures.”  The  resultant  OD600  was  plotted 
against  the  relevant  EGF  concentration. 
NE91  cells  was  used  as  a  control  for  the 
cell  lines  presented:  A,  Er/neu;  B,  Er/ 
T691stop;  C,  Er/TAPstop;  D,  Er/TA5. 
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of  tyrosine  phosphorylation  of  its  carboxyl  terminus,  as  the 
oncogenicity  of  plSS"""  was  greatly  reduced  by  alteration  of 
several  tyrosine  residues  (41)  or  large  structural  deletions, 
such  as  seen  with  TAPstop  (42).  Transforming  ability  of  ectodo- 
main-deleted  TA5  in  this  system  was  less  potent  than  full- 
length  pl85"CI',  possibly  due  to  the  reduced  efficiency  of  form¬ 
ing  active  receptor  complexes  when  compared  with  full-length 
oncogenic  pl85ne"  (27)  (see  Fig.  2). 

We  examined  whether  co-expression  of  EGFR  with  plSS"'" 
and  its  derivatives  could  enhance  transforming  efficiency  com¬ 
pared  with  cells  expressing  these  mutant  pl85"c"  proteins 
alone.  Cell  lines  listed  in  Table  I  (except  kinase-deficient 
T691stop  and  Er/T691stop  clones)  were  able  to  form  foci  inde¬ 
pendent  of  ligand  stimulation  (data  not  shown).  Co-expression 
of  EGFR  with  pl85”e"  in  Er/neu  cells  increased  the  ability  to 
form  foci,  both  in  density  and  absolute  number  (by  greater  than 
3-fold).  However,  co-expression  of  EGFR  with  kinase-active 
truncated  mutant  TAPstop  or  TA5  did  not  enhance  focus  for¬ 
mation  efficiency  in  Er/TAPstop  and  Er/TA5  cells  when  com¬ 
pared  with  TAP/stop  and  TA5  cells,  respectively  (data  not 
shown). 

The  colony  growth  efficiency  of  these  clones  in  soft  agar  is 
also  summarized  in  Table  I.  B104-1-1  cells  expressing  high 
levels  of  pl85”e“  served  as  a  positive  control,  while  Er/T691stop 
clones  served  as  a  negative  control  and  did  not  exhibit  trans¬ 
formed  colonies  under  the  same  conditions.  Compared  with 
B104-1-1  cells,  cells  expressing  lower  levels  of  oncogenic 
pl85'“’"  formed  colonies  less  efficiently.  However,  more  colonies 
were  observed  in  EGFR-co-expressing  Er/neu  cells.  Co-expres¬ 
sion  of  EGFR  with  pl85"“"  still  permits  functional  het¬ 
erodimerization  in  addition  to  homodimerization  of  either  re¬ 
ceptor,  resulting  in  elevated  biological  activity,  contributing  to 
increased  transforming  activity  in  vitro.  Cells  expressing  ki¬ 
nase-active  truncated  mutant  TAPstop  or  TA5  mutant  proteins 
alone  displayed  reduced  colony  growth  efficiency  in  soft  agar 
when  compared  with  control  B104-1-1  cells,  although  the  ex¬ 
pression  levels  of  pl85,!e"  variants  in  these  cells  were  similar. 
Critically,  co-expression  of  EGFR  with  TA5  or  TAPstop  did  not 


increase  colony  growth  efficiency  in  soft  agar. 

Tumorigenicity  was  studied  by  injection  of  these  mutant 
clones  individually  into  athymic  mice.  Results  are  presented  in 
Table  I,  which  summarizes  receptor  expression  levels,  tumor 
frequency,  and  tumor  size.  B104-1-1  cells  expressing  oncogenic 
pl85,!C"  were  used  as  a  positive  control  and  tumors  caused  by 
those  cells  appeared  and  grew  quickly  (with  a  latency  of  5-7 
days).  No  tumors  were  observed  with  kinase-deficient  mutant 
clones  T691stop  and  Er/T691stop  cells  (>10  weeks  observa¬ 
tion).  Co-expression  of  EGFR  and  pl85nc",  each  at  low  levels,  in 
Er/neu  cells  greatly  accelerated  tumor  appearance  (~2  weeks), 
and  the  tumors  grew  aggressively  when  compared  with  pl85"e" 
cells  that  also  expressed  low  level  of  oncogenic  pl85"e“  (>4-5 
weeks).  Cooperative  signaling  between  EGFR  and  pl85,,e"  was 
thus  also  observed  in  tumorigenicity  assays  in  vivo.  TA5  pro¬ 
tein  expression  was  sufficient  to  induce  tumors  (latency  period 
of  2-3  weeks),  and  TAPstop  mutant  receptor  expression  also 
resulted  in  tumor  formation  (latency  of  4-5  weeks).  Receptor 
expression  levels  for  these  two  mutant  proteins  was  close  to 
that  in  B104-1-1  cells.  Notably,  co-expression  of  EGFR  with 
these  mutant  proteins,  i.e.  in  Er/TAPstop  and  in  Er/TA5,  did 
not  promote  tumor  growth. 

The  failure  of  distinct  endodomain  interactions  between 
pi 85'"'“  and  EGFR,  caused  by  an  ectodomain  deletion  (TA5 
mutant),  or  the  lack  of  a  functional  COOH  terminus  (TAPstop 
mutant),  clearly  impairs  signaling  needed  for  transformation. 

EGF-dependent  Cell  Proliferation  of  Cell  Lines  Co-expressing 
EGFR  and  Mutant  pl85neu — To  analyze  whether  EGF-depend¬ 
ent  heterodimerization  conveys  signals  leading  to  cooperative 
mitogenesis,  we  used  the  MTT  assay  to  study  proliferation  of 
various  cell  lines.  NE91  cells  expressing  EGFR  only  served  as 
a  positive  control,  and  showed  typical  EGF  induction  of  cell 
growth.  As  expected,  the  maximal  induction  dosage  of  EGF  was 
10  ng/ml,  consistent  with  previous  observations  (44).  However, 
the  maximum  induction  dosage  of  EGF  in  Er/neu  cells  was 
~0.1  ng/ml,  2  orders  of  magnitude  less  than  that  observed  in 
NE91  cells  (Fig.  5A).  These  data  suggested  that  pl85“e“  sensi¬ 
tized  the  EGF  receptor  responding  to  ligand. 
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Fig.  6.  EGF-induced  MAP  kinase  activity.  C0S7  cells  transiently 
expressing  exogenous  HA-MAPK,  EGFR,  and  wild-type  or  mutant 
pl85c'""/  were  treated  with  or  without  EGF  (50  ng/ml)  for  5  min  as 
indicated.  A,  cells  were  then  lysed,  and  anti-HA  immunocomplexes 
were  washed  and  underwent  kinase  reaction  as  described  under  “Ex¬ 
perimental  Procedures.”  The  phosphorylation  level  of  myelin  basic  pro¬ 
tein  were  shown  after  autoradiography.  B-D,  equal  amounts  of  cell 
extracts  were  used  for  examining  ectopically  expressed  proteins.  Anti¬ 
bodies  used  in  immunoblot  (IB)  were  indicated.  Protein  signals  were 
developed  by  ECL.  Lanes  1-8  in  these  panels  are  correspondent  to  those 
in  panel  A.  D  ( lanes  7  and  8),  cells  were  metabolically  labeled  with 
[35S] methionine  and  cell  extracts  were  immunoprecipitated  (IP)  with 
7.16.4  and  analyzed  in  SDS-PAGE  followed  by  autoradiography.  Simi¬ 
lar  results  were  obtained  in  other  two  independent  experiments. 

In  contrast,  the  presence  of  T691stop  in  Er/T691stop  cells 
suppressed  the  proliferative  response  to  EGF,  and  cell  growth 
was  dramatically  reduced  (Fig.  5B).  These  results  correlated 
with  the  inhibition  of  EGFR  kinase  (Figs.  3 E  and  4B).  Inter¬ 
estingly,  the  EGFR  in  Er/TAPstop  and  Er/TA5  cells  behaved 
normally  in  EGF-dependent  mitogenesis  when  compared  with 
that  in  NE91  cells,  except  that  the  basal  growth  level  was 
higher  (Fig.  5,  C  and  D )  due  a  more  transformed  phenotype 
(data  not  shown).  These  data  correlated  with  previous  obser¬ 
vations  (Figs.  2-4),  suggesting  that  EGFR  signaling  is  compa¬ 
rable  in  Er/TAPstop  and  in  Er/TA5  clones  to  that  seen  in  NE91 
cells,  i.e.  neither  enhanced  nor  suppressed.  However,  trans¬ 
receptor  signaling  was  not  observed  due  to  either  defective 
heterodimerization  in  Er/TAPstop  cells  or  failure  of  het¬ 
erodimerization  in  Er/TA5  cells. 

EGF-dependent  MAP  Kinase  and  PI  3-Kinase  Activation — To 
understand  the  mechanism  underlying  synergistic  prolifera¬ 
tive  and  transforming  signal  propagated  by  heteroreceptor  in¬ 
teraction,  we  studied  the  EGF-induced  MAP  kinase  and  PI3 
kinase  pathways  signaling  phenomena.  The  proto-oncogenic 
pl85  (Nneu)  and  its  derivatives  (NA5  or,  N691stop)  were  co¬ 
expressed  with  EGFR,  to  evaluate  EGF-dependent  activation 
of  downstream  kinases,  since  plSS"6”  and  TA5  are  both  consti- 
tutively  active  tyrosine  kinases.  An  epitope-tagged  HA-MAPK 
was  also  co-expressed  with  the  combination  of  receptors  in 
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Fig.  7.  EGF-induced  PI  3-kinase  activity.  COS7  cells  transiently 
expressing  EGFR  and  wild-type  or  mutant  pl85c‘ne“  (as  indicated)  were 
treated  with  or  without  EGF  (50  ng/ml)  for  5  min  after  serum  starvation 
for  24  h.  Equal  amounts  of  cell  extracts  were  immunoprecipitated  by 
anti-Tyr(P)  (4G10)  and  analyzed  for  PI  3-kinase  activity  as  described 
under  “Experimental  Procedures.”  Autoradiogram  of  thin  layer  chro¬ 
matography  plate  exposed  overnight  is  shown.  The  positions  of  origin 
(on.),  phosphatidylinositol  3-phosphate  (PIP),  and  phosphatidylinositol 
3,4-bisphosphate  ( PIP2 )  were  indicated  by  arrows.  Data  shown  are 
representative  of  three  individual  experiments. 

COS7  cells  to  examine  downstream  ERK  activation. 

Co-expression  of  pl85c'ne“,  but  not  NA5,  with  EGFR  in¬ 
creased  MAP  kinase  activity  upon  EGF  stimulation.  In  con¬ 
trast,  EGFR-mediated  MAP  kinase  activity  in  N691stop-co- 
expressing  cells  was  suppressed  when  compared  with  cells 
expressing  EGFR  and  an  empty  vector  control  (Fig.  6 A).  Equiv¬ 
alent  protein  expression  levels  of  epitope-tagged  HA-MAPK 
was  also  confirmed  in  these  studies  (Fig.  6 B).  Ectopically  ex¬ 
pressed  EGFR  and  wild-type  or  mutant  pl85  forms  were  de¬ 
tected  by  immunoblot  using  anti-receptor  specific  antisera  (Fig. 
6,  C  and  D).  Since  the  intracellular  domain-deleted  N691stop 
could  not  be  recognized  by  antiserum  against  the  Nneu  COOH 
terminus,  the  expression  of  N691stop  was  independently  con¬ 
firmed  using  metabolic  labeled  cell  extracts  followed  by  anti- 
neu  immunoprecipitation  (Fig.  6 D,  lanes  7  and  8). 

Activation  of  PI-3-kinase  requires  phosphorylation  of  the  Src 
homology  2-containing  adapter  p85  by  receptor  tyrosine  ki¬ 
nases.  Phosphatidylinositides  are  critical  signaling  intermedi¬ 
ates  and  influence  cell  growth,  differentiation,  and  adhesion 
(52).  ErbB  family  members,  notably  ErbB-3,  have  been  shown 
to  associate  with  the  p85  subunit  of  PI  3-kinase  (53).  To  exam¬ 
ine  the  influence  of  wild-type  or  mutant  pl85  on  EGF-depend¬ 
ent  activation  of  PI  3-kinase,  plasmids  expressing  EGFR  with 
vector  or  pl85  variants  were  transiently  expressed  in  COS7 
cells.  PI  3-kinase  activity  was  examined  in  serum-starved  cells 
with  or  without  EGF  stimulation.  We  observed  a  similar  mag¬ 
nitude  of  the  EGF-induced  PI  3-kinase  activity  in  cells  express¬ 
ing  EGFR  only  or  Er/NA5.  The  PI  3-kinase  activity  was  much 
greater  in  Er/pl85c"'le“  cells,  and  much  weaker  in  Er/N691stop 
cells  (Fig.  7).  Expression  patterns  of  these  receptor  proteins 
were  determined  (Fig.  6,  C  and  D). 

The  observed  super  PI  3-kinase  activity  in  Er/p]85cne“  cells 
may  arise  through  the  tyrosine  phosphorylation  of  the  p85 
subunit  by  the  heteroreceptor  complexes.  We  believe  heterore¬ 
ceptor  complexes  are  more  active  since  truncated  pl85  proteins 
alone  do  not  seem  effective  at  interaction  with  p85  (data  not 
shown).  Induced  PI  3-kinase  and  MAPK  activities  therefore 
paralleled  the  heterodimerization  and  trans-activation  events 
depicted  in  Figs.  2-4,  and  biological  results  obtained  in  Table  I 
and  Fig.  5.  Functional  heterodimerization  observed  in  Er/neu 
cells  permits  cooperation  and  diversification  of  signaling, 
which  contrasts  with  the  formation  of  signaling-defective  com- 
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Fig.  8.  The  role  of  pl85'“’"  subdomains  in  heterodimerization  with  EGFR  and  resultant  signaling  consequences.  Functional 
heterodimerization  requires  the  ectodomain  for  ligand-mediated  physical  associations,  the  endodomain  for  kinase  transactivation,  and  the  carboxyl 
terminus  for  cross-phosphorylation  and  combinatorial  cellular  signaling.  Deletion  of  each  subdomain  results  in  inefficient  heterodimerization, 
preventing  kinase  activation  and  defects  in  cooperative  cellular  signaling,  respectively.  TD5,  TAB. 


plexes  in  Er/T691stop  cells  or  the  failure  of  heterodimerization 
observed  in  Er/TA5  cells. 

DISCUSSION 

Using  pl85',e"  mutants,  which  retain  the  capacity  to  ho- 
modimerize,  we  observed  that  EGF-induced  heterodimeriza¬ 
tion  could  occur.  Heterodimerization  was  seen  in  cells  co-ex¬ 
pressing  EGFR  with  TAPstop  or  T691stop  mutant  receptors, 
but  not  with  the  extracellular  domain-deleted  TA5  (Fig.  2), 
demonstrating  that  the  ectodomain  of  pl85nc“  is  necessary  and 
sufficient  for  heterodimerization  with  EGFR.  Indeed,  het¬ 
erodimerization  of  the  EGFR  and  N691stop  form  derived  from 
proto-oncogenic  pl85"c"  has  been  observed  to  occur  preferen¬ 
tially  to  either  pl85c~'lc"  or  EGFR-EGFR  homodimerization 
(37). 

Two  alternative  assays  confirmed  trans-activation  of  ErbB 
family  proteins  following  heterodimer  formation.  Anti-phos- 
photyrosine  blotting  showed  that  enhancement  of  tyrosine 
phosphorylation  in  response  to  EGF  occurred  only  in  cells 
co-expressing  EGFR  with  the  full-length  pl85'"’"  kinase,  but 
not  with  the  TAPstop  or  TA5  mutant  receptors.  It  appears  that 
EGFR  and  the  T691stop  neu  mutant  formed  a  kinase-inactive 
complex  (Fig.  3),  as  described  previously  for  the  N691stop  form 
(37). 

An  analysis  of  EGF-induced  receptor  internalization,  a  kinase- 
dependent  event,  also  indicated  that  receptor  trans-activation 
is  required  for  efficient  internalization  of  the  EGFR  found  in 
these  heteromers  (Fig.  4).  Full-length  pl85"e"  and  TAPstop 
proteins  were  modulated  by  EGF  and  showed  co-internaliza¬ 
tion  with  EGFR  efficiently,  indicating  an  active  heterodimer 
was  formed.  Co-expression  of  TA5  with  EGFR  did  not  affect 
normal  endocytosis  of  EGFR  since  TA5  could  not  associate  with 
EGFR,  while  T691stop  neu  expression  interfered  with  normal 
EGFR  down-modulation. 

Recent  studies  have  shown  that  the  signal  adapter  Grb2  is 
required  for  efficient  endocytosis  of  EGFR  (54),  and  selective 
and  regulated  signal  transduction  from  activated  receptor  ty¬ 
rosine  kinases  may  continue  within  the  endosome  (55).  Inter¬ 
estingly,  kinase-mediated  activation  of  ERKs  may  also  involve 
endocytotic  trafficking  since  inhibition  of  clathrin-mediated  en¬ 
docytosis  has  been  shown  to  impair  rapid  EGF-stimulated  ac¬ 
tivation  of  ERKs  (56).  Therefore,  it  is  reasonable  to  speculate 


that  EGF-induced  endocytosis  of  these  receptor  complexes  re¬ 
flects  both  heterodimeric  kinase  activity  and  the  efficiency  of 
activating  downstream  signaling  components.  Indeed,  full- 
length  pl85nc",  but  not  other  pl85'!  "'-derived  deletion  mu¬ 
tants,  displayed  increased  coupling  of  the  Src  homology  2-con- 
taining  signaling  molecule  p85  to  receptor  activation  (data  not 
shown). 

We  previously  reported  that  the  co-expression  of  EGFR  with 
pl85c'"e"  (22),  but  not  with  kinase-deficient  pl85c'ncu  (44),  syn- 
ergistically  transformed  rodent  fibroblasts.  EGFR  and  pl85c‘ 
mu  associates  into  an  active  kinase  complex  (24)  which  up- 
regulates  EGF  receptor  function  by  increasing  EGF  binding 
affinity,  ligand-induced  DNA  synthesis,  and  cell  proliferation 
(23).  In  the  current  studies,  when  EGFR  was  co-expressed  with 
oncogenic  pl85"""  at  physiological  levels  (~104  receptors/cell), 
we  also  observed  enhancement  of  tumor  growth  (4-fold)  in  vivo 
and  anchorage-independent  growth  (• — 2-fold)  in  vitro,  com¬ 
pared  with  the  cells  expressing  pl85""“  alone  (Table  I).  Dele¬ 
tion  of  122  amino  acid  residues  from  the  carboxyl  terminus  of 
pl85ne"  eliminates  three  known  tyrosine  autophosphorylation 
sites  (TAPstop  mutant),  and  causes  impaired  cellular  signaling 
and  transforming  potency  (41).  Overexpression  of  EGFR  with 
the  carboxyl-terminally  truncated  TAPstop  mutant  receptor, 
although  leading  to  an  active  heterodimeric  complex,  did  not 
recover  the  diminished  transforming  potency  of  TAPstop  (Ta¬ 
ble  I),  indicating  that  signaling  propagation  through  the  car¬ 
boxyl  terminus  of  pl85'ic"  could  not  be  restored  by  association 
with  full-length  EGFR.  These  data  emphasize  that  cooperative 
signaling  requires  not  only  the  formation  of  an  active  kinase 
complex,  but  also  a  heteromeric  functional  carboxyl  termini 
within  the  two  receptor  endodomains  that  recruit  various 
downstream  molecules  required  to  generate  signal  to  mediate 
cell  growth  and  transformation. 

The  current  results  indicate  that  pl85""'-EGFR  het¬ 
erodimerization  is  greatly  favored,  even  in  the  presence  of  the 
neu  transmembrane  point  mutation  that  facilitates  pl85'!e" 
homodimerization  (12).  Together  with  the  observation  that 
ErbB-2  is  the  preferred  heterodimerization  partner  of  all  ErbB 
members  (36),  these  studies  emphasize  that  Neu-ErbB-2  may 
mediate  signaling  diversity  through  structural  interactions 
governed  by  particular  ectodomain  sequences.  For  instance, 
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ErbB-3  is  a  less  active  kinase  than  other  ErbB  proteins  (57), 
but  serves  as  a  binding  site  for  Neu  differentiating  factor  (28) 
and  forms  a  potent  heterodimer  with  ErbB-2,  consequently 
engaging  various  downstream  substrates.  Neu-ErbB-2  may  not 
be  required  for  ligand  binding,  but  may  reconstitute  signaling 
by  laterally  engaging  other  ErbB  proteins  in  some  preferred, 
but  not  well  understood  manner. 

Kinase  phosphorylation  increases  the  affinity  of  binding  of 
Src  homology  2  and  Src  homology  3  domain-containing  sub¬ 
strates,  and  initiates  a  variety  of  cascades.  The  binding  of 
Grb2-Sos  complexes  to  the  active  EGFR  activates  the  Ras/Raf/ 
MAP  kinase  cascade  (58).  Another  downstream  effector  whose 
importance  in  cell  signaling  and,  potentially,  in  tumorigenesis 
is  becoming  increasingly  understood  is  PI  3-kinase  (52).  PI 
3-kinase  activation  has  also  been  shown  to  be  essential  for 
induction  of  DNA  synthesis  by  EGF  (59).  Current  studies  have 
demonstrated  that  EGF-induced  ErbB  heterodimers  activate 
both  the  ERK  and  PI  3-kinase  pathways.  Functional  wild-type 
heterodimers,  but  not  defective  mutant  heterodimers,  effi¬ 
ciently  induce  both  ERK  and  PI  3-kinase  activities,  which 
contribute  to  the  synergistic  effects  on  mitogenesis  and  cellular 
transformation. 

As  depicted  in  Fig.  8,  these  results  further  support  the  notion 
that  cooperative  signaling  caused  by  pl85ne“-EGF  receptor  en¬ 
sembles  requires  the  ectodomain  for  ligand-mediated  physical 
association,  while  the  intracellular  domain  provides  contacts 
for  efficient  intermolecular  kinase  activation.  The  phosphoryl- 
ated  carboxyl  terminus  is  essential  for  recruiting  particular 
cellular  substrates  required  for  signal  diversification. 

In  particular,  specific  ectodomain  associations  may  therefore 
underlie  the  combinatorial  interactions  within  the  ErbB  family 
required  for  signal  diversification.  These  properties  may  be 
features  that  are  used  by  many  receptor  ensembles  involved  in 
enzymatic  signaling  in  cells. 
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ABSTRACT  Conversion  of  a  malignant  phenotype  into  a 
more  normal  one  can  be  accomplished  either  by  down- 
regulation  of  erbB  family  surface  receptors  or  by  creating 
inactive  erbB  heterodimers  on  the  cell  surface.  In  this  report, 
we  report  the  identification  and  cloning  of  differentially 
expressed  genes  from  antibody-treated  vs.  untreated  fibro¬ 
blasts  transformed  by  oncogenic  pl85neu.  We  repeatedly  iso¬ 
lated  a  325-bp  cDNA  fragment  that,  as  determined  by  North¬ 
ern  analysis,  was  expressed  at  higher  levels  in  anti-pl85ne“- 
treated  tumor  cells  but  not  in  cells  expressing  internalization 
defective  pl85ncu  receptors.  This  cDNA  fragment  was  identical 
in  amino  acid  sequence  to  the  recently  cloned  mouse  Tat 
binding  protein-1  (mTBPl),  which  has  98.4%  homology  to  the 
HIV  tat-binding  protein-1  (TBP1).  TBP1  mRNA  levels  were 
found  to  be  elevated  on  inhibition  of  the  oncogenic  phenotype 
of  transformed  cells  expressing  erbB  family  receptors.  TBP1 
overexpression  diminished  cell  proliferation,  reduced  the  abil¬ 
ity  of  the  parental  cells  to  form  colonies  in  vitro,  and  almost 
completely  inhibited  transforming  efficiency  in  athymic  mice 
when  stably  expressed  in  human  tumor  cells  containing  erbB 
family  receptors.  Collectively,  these  results  suggest  that  the 
attenuation  of  erbB  receptor  signaling  seems  to  be  associated 
with  activation/induction  or  recovery  of  a  functional  tumor 
suppressor-like  gene,  TBP1.  Disabling  erbB  tyrosine  kinases 
by  antibodies  or  by  trans-inhibition  represents  an  initial  step 
in  triggering  a  TBP1  pathway. 


ErbB  family  receptor  kinases  mediate  oncogenic  transforma¬ 
tion  by  mutation,  overexpression,  or  coexpression  leading  to 
homodimeric  or  heterodimeric  complexes  that  mediate  syner¬ 
gistic  signaling  (1-5).  Continual  expression  of  pl85neu  is  nec¬ 
essary  for  the  maintenance  of  the  neoplastic  phenotype  of 
neu-transformed  cells  (1).  Incubation  of  oncogenic  pl85ncu- 
expressing  tumor  cells  with  the  anti-neu  mAb  7.16.4  causes 
phenotypic  reversal  in  vitro  and  in  vivo  (6,  7).  The  mechanism 
of  phenotypic  reversal  of  tumor  cells  expressing  the 
pISjncu/c-orbBa  onc0gene  occurring  with  anti-neu-specific  mAb 
treatment  has  not  been  defined  completely,  although  this 
mechanism  has  been  characterized  as  arising  as  a  consequence 
of  disabling  the  kinase  complex,  a  process  in  which  a  fraction 
of  the  receptors  becomes  down-modulated  (6-8). 

The  binding  of  antibody  to  the  extracellular  domain  of  the 
pl85ncu  receptor  mediates  down-regulation  and  increases 
pl85ncu  oncoprotein  degradation  by  causing  the  pl85neu  com¬ 
plex  to  enter  a  degradation  pathway.  Endosomes  were  found 
to  carry  pl85ncu-containing  receptor  aggregates  to  lysosomes 
where  the  complex  was  degraded  (9). 

Here,  we  used  mRNA  differential  display  (10, 11)  to  isolate 
genes  that  are  specifically  expressed  in  cells  treated  with  the 
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anti-pl85ncu  mAb  7.16.4.  We  repeatedly  identified  a  325-bp 
cDNA  fragment  called  3C  bearing  significant  homology  to  the 
HIV  tat-binding  protein-1  (TBP1)  on  antibody-mediated 
down-regulation  of  the  oncogenic  pl85ncu  receptor  associated 
with  inhibition  of  transformation.  The  3C  fragment  is  com¬ 
pletely  identical  to  the  recently  cloned  mouse  tat  binding 
protein-1  (mTBPl),  which  itself  is  98%  homologous  to  the 
human  TBP1  over  439  aa  (12).  Northern  blot  analysis  con¬ 
firmed  that  this  fragment  and  the  TBP1  cDNA  hybridized  to 
mRNA  isolated  from  cells  undergoing  phenotypic  reversal  by 
antibody  treatment. 

TBP1  has  been  reported  to  suppress  tat-mediated  transac¬ 
tivation  of  HIV  replication  (13).  Nakamura  et  al.  (12)  estab¬ 
lished  that  full-length  murine  TBP1  also  suppresses  Tat- 
mediated  transactivation.  A  TBPl-interacting  protein  (TB- 
PIP),  which  colocalizes  in  vivo  and  synergistically  enhances  the 
inhibitory  action  of  TBP1  on  Tat  activity  in  vitro,  also  has  been 
cloned  recently  (14). 

To  investigate  the  biological  effects  of  TBP1,  we  transfected 
the  full  length  of  TBP1  cDNA  into  a  variety  of  human  cell  lines, 
U87MG,  SK-BR-3,  and  MCF-7,  which  express  erbB  family 
genes.  Ectopically  expressed  TBP1  was  able  to  cause  a  rever¬ 
sion  of  the  transformed  phenotype.  Additionally,  basal  TBP1 
mRNA  levels  were  found  to  be  higher  in  phenotypically 
inhibited  cells.  These  studies  suggest  that  induction  of  TBP1 
mediates  inhibition  of  cell  growth  and  transformation  of 
erbB-inhibited  cells. 

MATERIALS  AND  METHODS 

Cell  Lines.  B104-1-1  cells  were  derived  from  NIH  3T3  cells 
transfected  with  pl85ncu  and  have  been  described  (6).  U87MG 
cells  are  human  brain  tumor  cells;  SK-BR-3  cells  and  MCF-7 
cells  are  primary  human  breast  cancer  cells  obtained  from  the 
American  Type  Culture  Collection.  These  cells  were  cultured 
in  DMEM  containing  10%  (vol/vol)  FBS,  1%  L-glutamine, 
and  1%  penicillin/streptomycin  at  37°C,  95%  humidity,  and 
5%  CCL.  The  NR6TintA  cells  containing  internalization- 
defective  pl85ncu  receptors  have  been  described  (15). 

Incubation  of  Cell  Lines  with  mAb  7.16.4.  The  mAb  7.16.4 
has  been  described  (6,  7).  B104-1-1  cells  were  grown  overnight 
in  6-well  dishes  and  treated  with  mAb  7.16.4  (10  p,g/ml)  for 
0-4  h  at  37°C.  Cells  were  harvested,  washed,  stained  with 
saturating  amounts  of  mAb  7.16.4,  and  restained  with  anti¬ 
mouse  IgG  FITC.  Cells  were  then  processed  for  flow  cyto¬ 
metric  analysis  as  described  (15). 

RNA  Isolation  and  mRNA  Differential  Display.  Total  RNA 
was  purified  from  cell  lysates  by  using  the  RNeasy  Mini  Kit 
(Qiagen,  Valencia,  CA)  and  the  protocol  supplied  with  the  kit. 


Abbreviations:  RT-PCR,  reverse  transcriptasc-PCR;  MTT,  3-(4,5- 
dimethylthiazol-2-yl)-2, 5-diphenyl  tetrazolium  bromide;  EGFR,  epi¬ 
dermal  growth  factor  receptor. 

4To  whom  reprint  requests  should  be  addressed,  e-mail:  greene@ 
reo.mcd.upenn.edu. 
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An  mRNA  Map  Kit  from  GenHunter  (Nashville,  TN)  was 
used,  and  the  manufacturer’s  protocol  was  followed.  DNase- 
treated  total  RNA  (2  /xg)  was  reverse-transcribed  by  using 
Super-Script  II  (United  States  Biochemical)  with  oligo(dT) 
primers  T12MG,  T12MC,  or  T12MA  and  amplified  with  the 
library  10-mers  AP-3  (5 ' - AGGTGACCGT-3 ' )  or  AP-6  (5'- 
GCAATCGATG-3')  as  described  in  the  kit.  The  PCR  prod¬ 
ucts  were  run  on  a  6%  sequence  gel  with  the  cDNAs  that  were 
to  be  compared  run  side-by-side.  Bands  representing  differ¬ 
entially  expressed  genes  were  eluted  from  the  gel,  reamplified, 
subcloned  into  the  pCRII  vector  as  described  in  the  TA  cloning 
kit  (Invitrogen),  and  sequenced  on  a  6%  denaturing  gel. 

Generation  of  Stable  TBP1  Transfectants  and  Confirma¬ 
tion  of  Transgene  Expression  by  Reverse  Transcriptase-PCR 
(RT-PCR).  The  TBP1  cDNA  was  inserted  into  the  EcoRI  site 
of  the  pBK-CMV  (Stratagene)  vector.  Stable  TBP1  transfec¬ 
tants  were  generated  by  transfecting  the  pBK-CMV-TBPl 
plasmid  into  a  panel  of  human  cell  lines  (U87MG,  SK-BR-3, 
and  MCF-7)  by  using  Lipofectamine  (GIBCO).  G418  (0.8 
p-g/ml;  GIBCO)  was  used  to  select  for  the  transfected  cell 
populations,  and  Northern  blot  analysis  was  used  to  identify 
clones  that  expressed  TBP1. 

First-strand  cDNA  was  prepared  from  3  p, g  of  total  RNA  by 
using  the  Superscript  Preamplification  System  for  first-strand 
cDNA  Synthesis  Kit  (GIBCO/BRL).  To  confirm  the  integrity 
of  the  first-strand  cDNAs,  we  amplified  /3-actin  sequences  by 
using  the  rat  j8-actin  control  amplifier  set  (CLONTECH), 
which  yielded  a  764-bp  product.  Exogenous/ transfected  TBP1- 
derived  transcripts  were  amplified  by  using  the  pBK-CMV 
vector  T7  primer  (5  '-GTAATACGCTCACTATAGGGC-3 ' ) 
and  a  TBPl-specific  primer  designated  C2  (5'-AGAA- 
GAAAGCCAACCTAC-3'),  which  yielded  a  216-bp  product. 
After  RT-PCR,  the  products  were  run  on  1.8%  agarose  gels  to 
evaluate  the  presence  or  absence  of  the  amplified  product. 

Cell  Proliferation  Assay.  The  proliferation  assay,  as  mea¬ 
sured  by  3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl  tetrazolium 
bromide  (MTT)  incorporation,  has  been  described  (16). 

In  Vitro  and  in  Vivo  Tumorigenesis  Assays.  Anchorage- 
independent  growth  was  determined  by  assessing  the  colony¬ 
forming  efficiency  of  cells  suspended  in  soft  agar  (6,  17).  For 
in  vivo  experiments,  NCr  homozygous  nude  mice  (6-8  weeks 
old)  were  purchased  from  the  National  Cancer  Institute  (Be- 
thesda,  MD).  Cells  (1  x  106)  were  suspended  in  0.1  ml  of  PBS 
and  injected  intradermally  into  the  mid  dorsum  of  each  animal. 
Parental  U87MG  cells  were  injected  on  one  side  of  individual 
animals  and  stably  TBPl-cDNA-transfected  U87/TBP1  cells 
were  injected  on  the  contralateral  side  to  make  direct  com¬ 
parisons  of  growth  within  each  animal.  Animals  were  main¬ 
tained  in  accordance  with  guidelines  of  the  Committee  on 
Animals  of  the  University  of  Pennsylvania  and  those  of  the 
Committee  on  Care  and  Use  of  Laboratory  Animals  of  the 
Institute  of  Laboratory  Animal  Resources.  Tumor  growth  was 
monitored  twice  weekly  for  6-10  weeks.  Tumor  size  was 
calculated  by  measuring  tumor  volume  (length  X  width  X 
thickness). 


represented  a  325-bp  cDNA  termed  3C,  which  had  100% 
homology  with  mTBPl  (Fig.  1),  which  is  the  murine  homo- 
logue  of  the  human  gene  tat-binding  protein  1.  Northern  blot 
analysis  of  7.16.4-treated  B104-1-1  cells  showed  increased 
TBP1  mRNA  levels  of  —1.5  kb  in  size  when  probed  by  both 
human  TBP1  cDNA  (Fig.  2A)  and  3C  DNA  (data  not  shown). 

Confirmation  of  differential  expression  was  achieved  by 
comparing  Northern  blots  of  antibody-treated  B104-1-1  cells 
and  untreated  cells  (Fig.  2  A  and  B).  Antibody  treatment  of 
B104-1-1  cells  containing  elevated  levels  of  oncogenic  pl85neu 
resulted  in  increased  expression  of  the  mTBPl  mRNA  tran¬ 
script  (Fig.  2^4  and  B).  We  have  shown  that  receptor  kinase 
activity  alone  is  not  sufficient  for  the  endocytic  process  (15). 
A  structural  element,  namely  an  internalization  sequence,  is 
also  required  for  both  mAb-  and  ligand-induced  receptor 
down-regulation  (15).  Importantly,  NR6TintA  cells  (15),  which 
contain  an  internalization-defective  pl85neu  mutant  protein, 
TintA  (15),  and  lack  the  ability  to  undergo  pl85neu  internal¬ 
ization,  did  not  have  an  increase  in  mTBPl  mRNA  level  after 
7.16.4  treatment,  although  the  basal  level  of  mTBPl  transcript 
was  higher  in  NR6TintA  cells  (Fig.  2  A  and  B).  Notably, 
B104-1-1  cells  contain  higher  levels  of  transforming  pl85neu 
than  NR6TintA  cells  and  are  more  oncogenic  (15).  The  basal 
level  of  the  mTBPl  transcript  was,  as  expected,  greater  in  the 
less  oncogenic  NR6TintA  cell. 

Because  disabling  erbB  receptor  ensembles  may  enable  a 
common  inhibitory  pathway,  we  also  examined  cells  in  which 
EGFR  was  inactivated  but  not  down-modulated  by  a  trans- 
inhibitory  ectodomain  form  of  pl85neu  (T691stop  neu;  refs.  17 
and  18).  We  found  that  the  endogenous  expression  of  TBP1 
mRNA  was  also  higher  in  phenotypically  inhibited  U87MG- 
derived  cells  expressing  the  kinase-deficient  T691stop  neu 
ectodomain  form  compared  with  U87MG  parental  cells  (Fig. 
2C).  Because  T691stop  inhibition  of  erbB  kinase  activity  does 
not  require  erbB  receptor  down-modulation  (17,  18),  these 
data  suggest  that  induction  of  TBP1  expression  after  anti- 
pl85neu  mAb  treatment  occurs  by  regulation  of  a  kinase 
signaling  pathway  (Fig.  2  A  and  C)  and  is  not  simply  a  result 
of  receptor  down-modulation  and  degradation  (Fig.  2C). 

Inhibition  of  Cell  Growth  and  Transformation  by  Human 
TBP1.  To  investigate  the  biological  effects  of  TBP1,  we 
transfected,  by  using  the  pBK-CMV  vector,  full-length  TBP1 
cDNA  into  several  different  cell  lines,  SK-BR-3,  MCF-7,  and 
U87MG,  all  of  which  express  erbB  family  receptors.  We 
screened  the  transfected  subclones  by  Northern  blot  analysis, 
and  the  expression  of  ectopic  TBP1  in  subclones  was  also 
confirmed  by  RT-PCR  analysis  (Fig.  3/1  and  B).  We  amplified 
a  216-bp  product  from  all  of  the  TBPl-cDNA-transfected 
clones  and  the  pBK-CMV-TBPl  plasmid  construct  but  not  in 
the  corresponding  nontransfected  parental  cells  (Fig.  3/1). 
RT-PCR  with  a  /3-actin  control  amplifier  set  produced  a 
764-bp  amplified  product  from  all  the  cell  lines  except  for  the 
pBK-CMV-TBPl  plasmid  construct  (Fig.  3 B). 


RESULTS 

Down-Regulation  of  pl85neu  Surface  Receptors  and  Differ¬ 
entially  Expressed  Genes.  Differential  display  provided  a 
convenient  way  for  us  to  study  altered  gene  expression  in 
pl85ncu-expressing  B104-1-1  murine  cells  treated  with  anti- 
pl85neu.  One  drawback  of  the  differential  display  is  its  sus¬ 
ceptibility  to  generating  false-positive  clones.  To  compensate, 
we  ran  two  differential  display  trials  on  each  of  the  total  RNAs 
so  that  we  could  select  bands  that  were  present  in  both  trials. 
There  were  nine  differentially  expressed  bands  chosen  for 
further  characterization;  these  bands  ranged  in  size  from  230 
bp  to  1,000  bp,  were  observed  in  both  trials,  and  were  not 
differentially  expressed  in  NIH  3T3  cells.  One  of  these  bands 


1  22  62  411  442 

I  J—  murine  TBP1 


1  41  73 

Fig.  1.  Regions  of  homology  of  3C  to  murine  TBP1.  Amino  acids 
1-41  of  3C  correspond  to  amino  acids  22-62  of  mTBPl,  and  amino 
acids  42-73  of  3C  correspond  to  amino  acids  411-442  of  mTBPl 
(100%  identical).  The  3C  C-terminai  noncoding-region  nucleotide 
sequence  is  98%  homologous  to  that  of  mTBPl. 
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Fig.  2.  Comparison  and  confirmation  of  the  differentially  ex¬ 
pressed  gene  by  Northern  blot  analysis  and  endogenous  expression  of 
TBP1  in  U87MG  vs.  U87/T691.  (A)  B104-1-1  and  NR6TintA  cells 
were  incubated  with  or  without  7.16.4  (10  pg/ml)  for  24  h  before  RNA 
isolation.  Total  RNA  (10  /rg)  was  loaded  in  each  lane  and  was  probed 
with  human  TBP1  cDNA  probe.  TBP1  expression  was  up-regulated 
with  anti-pl85ncu  mAb  (7.16.4)  treatment  in  B104-1-1  cells  (lanes  1  and 
2)  but  was  not  changed  in  internalization  defective  NR6TintA  cells 
(lanes  3  and  4).  ( B )  The  corresponding  formaldehyde  gel  electro¬ 
phoresis  of  total  RNA  is  shown.  (C)  The  U87/T691  subclone,  an 
epidermal  growth  factor  receptor  (EGFR)-positive  cell  line  pheno- 
typically  inhibited  by  the  expression  of  a  trans-inhibitory  ectodomain 
form  of  pl85ncu  (T691  stop  neu),  showed  increased  endogenous  levels 
of  TBP1.  Relative  units  are  derived  from  scanning  densitometry 
(Molecular  Dynamics). 

Cell  growth  of  TBP1 -transfected  cells  was  evaluated  by  using 
the  MTT  assay  (16).  Transfected  clones  had  34-57%  of 
proliferation  inhibition  compared  with  the  corresponding  pa¬ 
rental  cell  lines  (Fig.  4,4-C).  Cell  growth  was  therefore  greatly 
diminished  in  TBPl-transfected  erbB  transformed  cells.  The 
level  of  TBP1  mRNA  in  the  inhibited  subclones  was  equal  to, 
or  exceeded,  the  amount  of  mRNA  detected  in  parental  cells 
inhibited  by  antibody  treatment  or  T691stop  expression.  Thus, 
the  mRNA  level  was  sufficiently  high  to  play  a  causal  role  in 
phenotypic  reversion.  Transformation  efficiency  was  assessed 
by  using  an  anchorage-independent  growth  assay  (6,  17).  The 
ability  of  TBP1  transfectants  to  form  colonies  was  consistently 
and  dramatically  reduced  (Fig.  5,4).  Transforming  efficiency  of 
SK-BR-3/TBP1,  MCF-7/TBP1,  and  U87MG/TBP1  subclones 
was  inhibited  79.2  ±  3.7%  (mean  ±  SEM),  94.2  ±  4.5%,  and 
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Fig.  3.  Confirmation  of  TBPl-transfected  clones  by  RT-PCR 
analysis.  We  made  first-strand  cDNA  from  3  fig  of  each  total  RNA  by 
using  the  Superscript  Preamplification  System  for  first-strand  cDNA 
Synthesis  Kit  (GIBCO/BRL).  (A)  Amplification  of  the  transfected 
TBP1  cDNA  by  using  the  pBK-CMV  vector-oriented  T7  primer 
(5'-GTAATACGCTCACTATAGGGC-3')  and  the  TBP1  specifically 
designed  primer  C2  (5'-AGAAGAAAGCCAACCTAC-3')  shows 
216-bp  product  bands  in  only  the  transfected  clones  and  the  pBK- 
CMV-TBP1  plasmid  construct  and  not  in  parental  cell  lines  of 
U87MG,  SK-BR-3,  and  MCF-7.  (B)  Amplification  of  actin  cDNA  by 
using  the  rat  j3-actin  control  amplifier  set  (CLONTECF1)  shows  a 
764-bp  amplified  product  from  all  the  cell  lines  except  the  pBK-CMV- 
TBP1  plasmid  construct.  After  RT-PCR,  the  products  were  run  on 
1.8%  agarose  gel  to  confirm  the  amplified  product. 

65.5  ±  1.7%,  respectively,  as  determined  in  three  independent 
experiments.  Transient  transfection  of  U87MG  cells  with 
empty  vector  did  not  inhibit  cell  growth  and  transformation  as 
determined  by  the  MTT  assay  and  by  an  anchorage- 
independent  growth  assay  (data  not  shown). 

U87/TBP1  subclones  showed  a  profound  degree  of  inhibi¬ 
tion  relative  to  U87MG  parental  cells  after  implantation  into 
athymic  mice  (Fig.  5 B).  U87/TBP1  transfectants  did  not  form 
appreciable  tumors  until  8  weeks  (Fig.  5 B),  after  the  period  of 
time  when  some  animals  injected  with  parental  U87MG  cells 
had  to  be  killed  because  of  excessive  tumor  burden.  Addition¬ 
ally,  more  than  50%  of  the  subcutaneous  injections  with  the 
U87/TBP1  cell  line  failed  to  produce  any  palpable  tumors. 

DISCUSSION 

Our  findings  indicate  that  disabling  erbB  oncoproteins  with 
anti-erbB  receptor  antibodies  leads  to  inhibition  of  the  trans¬ 
formed  phenotype,  a  feature  associated  with  induction  or 
recovery  of  TBP1  expression.  Previous  studies  showed  that 
kinase -deficient  forms  of  pl85nou  derived  from  the  receptor 
ectodomain  that  form  heterodimers  with  EGFR  in  rodent  (19) 
and  human  glioblastoma  cells  can  inhibit  EGFR-dependent 
phenotypes  contributing  to  transformation  (17,  18).  Endoge¬ 
nous  expression  of  TBP1  mRNA  is  higher  in  U87MG  human 
glioblastoma  cells  containing  pl85ncu  kinase-deficient  forms 
that  have  an  inhibited  phenotype.  Although  multiple  TBP1 
transfectants  of  three  human  cancer  cell  lines  had  an  inhibited 
phenotype,  all  cell  lines  examined  expressed  erbB  receptors.  It 
remains  possible  that  TBP1  induction  accompanies  reversion 
of  transformation  in  non-erbB-containing  cells.  The  degree  to 
which  TBP1  induction  contributes  to  phenotypic  reversion  in 
erbB-inhibited  cells  is  also  unknown.  Collectively,  these  ob¬ 
servations  suggest  that  expression  of  TBP1  is  related  to  the 
tumorigenesis  of  certain  malignant  cells  and  that  induction/ 
recovery  of  TBP1  expression  may  be  part  of  a  general  atten¬ 
uating  pathway  or  a  specific  consequence  of  down-regulation 
or  attenuation  of  signaling  from  erbB  family  receptor  tyrosine 
kinases. 
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Fig.  4.  Reduction  of  cell  proliferation  by  expression  of  human  TBP1  in  human  cancer  cell  lines.  Cell  lines  were  plated  in  96-well  plates  at  4,000 
cells  per  well  in  10%  DMEM  and  allowed  to  attach  overnight.  MTT  was  given  to  the  cells  for  4  h.  Cells  were  then  lysed  in  50%  (vol/vol)  SDS/20% 
(vol/vol)  dimethyl  sulfoxide  and  kept  at  37°C  overnight.  Proliferation  was  assessed  by  reading  OD  at  570  nm  by  using  an  ELISA  reader.  The  number 
of  cells  used  in  this  assay  was  determined  to  be  within  the  linear  range  for  this  cell  type.  (A)  TBP1  cDNA-transfected  SK-BR-3  subclones  S2  and 
S6  had  50%  and  57%  proliferation  inhibition,  respectively,  compared  with  parental  cells.  ( B )  TBP1  cDNA-transfected  MCF-7  subclones  M2  and 
M6  had  40%  and  54%  proliferation  inhibition,  respectively,  compared  with  parental  cells.  (C)  U87MG  subclones  expressing  elevated  TBP1,  Ul, 
and  U17  had  34%  and  38%  inhibition  of  proliferation,  respectively,  compared  with  parental  cells. 


The  HIV  tat  protein,  encoded  by  one  of  the  viral  regulatory 
genes,  tat,  is  considered  a  powerful  transactivator  of  viral  gene 
expression  (20-22).  Human  TBP1  is  encoded  by  a  1,341-nt 
cDNA  containing  an  ORF  of  439  aa  (23).  TBP1  was  originally 
described  as  a  transcriptional  factor  of  the  HI  V 1  by  interaction 
with  the  tat  protein  (13,  23).  TBP1  binds  the  HIV  tat  trans¬ 
activator,  suppressing  its  activity  in  cotransfection  experiments 
(13).  In  some  cases,  TBP1  may  also  be  involved  in  transcrip¬ 
tional  activation  (23).  Nakamura  et  al.  (12)  isolated  a  full- 
length  murine  form  of  TBP1  that  suppresses  the  Tat-mediated 
transactivation.  Tanaka  et  al.  (14)  cloned  a  TBP1  interacting 
protein,  TBPIP,  that  interacts  with  mTBPl.  TBPIP  colocalizes 
with  TBP1  in  vivo  and  synergistically  enhances  the  inhibitory 
action  of  TBP1  on  Tat  activity  in  vitro,  supporting  the  general 
concept  of  TBP1  ensembles  that  inhibit  cellular  functions  and 
transcription. 

We  noted  that  TBP1  amino  acids  59-63  bear  75%  similarity 
to  the  motif  HFRIG,  and  amino  acids  185-189  bear  60% 
similarity  to  the  motif  HSRIG.  The  HIV  gene  Vpr  contains  a 
domain  that  contains  two  H(S/F)RIG  motifs  that  may  cause 

A 


cell  growth  arrest  and  structural  defects  (24).  TBP1  also 
possesses  46%  identity  to  KAI1,  a  metastasis  suppressor  gene 
for  human  prostate  cancer  (25).  Hoyle  et  al.  (26)  recently 
localized  the  human  TBP1  to  chromosome  llpl2— 13,  and  it  has 
been  noted  that  frequent  loss  of  chromosome  llpl3  occurs  in 
a  variety  of  cancers  (27,  28).  Tsuchiya  et  al.  (29)  reported  that 
the  tumor  suppressor  VHL  gene  product  binds  to  TBP1.  These 
observations  suggest  that  the  TBP1  gene  may  be  grouped  with 
other  possible  functional  tumor  suppressor  genes,  and  TBP1 
may  act  as  a  negative  regulator  of  the  transcriptional  elonga¬ 
tion  process  by  binding  to  tumor  suppressor  gene  products  such 
as  pVHL. 

All  members  of  the  TBP  family,  including  TBP1,  contain  two 
highly  conserved  domains.  One  domain  resembles  a  nucleotide¬ 
binding  motif  (ATP-binding  site),  and  the  other  resembles  a 
motif  common  to  proteins  with  helicase  activity.  TBP1,  TBP7, 
MSS1,  and  SUG1  are  thus  considered  members  of  a  large 
ATPase  family  rather  than  representing  discrete  transcrip¬ 
tional  factors  (30-33). 

TBP1  has  also  been  reported  to  be  a  component  of  the  26S 
proteasome  (34),  which  is  an  essential  multiprotein  complex 

B 


SKBR3  S2  S6  MCF-7  M2  M6  U07MG  Ul  U17 
Cell  line 


12000 


Weeks 


Fig.  5.  Inhibition  of  cell  growth  and  transformation  by  human  TBP1.  (A)  Anchorage-independent  growth.  Cells  of  each  clone  (n  =  1,000)  were 
suspended  in  a  1-ml  top  layer  [0.18%  agarose/10%  (vol/vol)  FBS/10%  (vol/vol)  DMEM]  in  6-cm  culture  dishes  containing  a  3-ml  cell-free  feeder 
layer  consisting  of  0.25%  agarose  in  DMEM  supplemented  with  10%  FBS  and  20  mM  Hepes  (pH  7.5).  Colonies  (>0.3  mm)  were  visualized  and 
counted  on  day  28  for  all  cell  lines  after  staining  with  p-iodonitrotetrazolium  violet  (1  mg/ml).  Each  cell  line  was  examined  in  triplicate  in  three 
separate  experiments.  The  numbers  of  colonies  reported  represent  the  mean  of  triplicate  samples.  ( B )  Tumor  growth  in  athymic  mice:  comparison 
of  parental  U87MG  cells  and  U87/TBP1  transfectants.  Cells  of  each  cell  line  (n  =  1  X  106)  were  injected  subcutaneously  on  day  0,  and  tumor 
volume  was  recorded  weekly.  These  data  represent  individual  tumor  growth  curves  for  U87MG  parental  cells  (■)  and  mean  tumor  volumes  for 
the  U87/TBP1  subclone  (•).  (U87MG,  n  =  7;  U87/TBP1,  n  =  8.) 
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that  degrades  ubiquitinated  proteins  in  an  ATP-dependent 
fashion  and  provides  the  main  route  for  selective  turnover  of 
intracellular  proteins  involved  with  the  regulation  of  cell 
growth  and  metabolism  (35).  TBP1  functions  as  a  subunit  of 
PA700,  a  nonproteasomal  component  of  the  26S  proteasome 
(34,  36),  and  a  subunit  of  a  proteasome  modulator  complex 
(34).  Schnall  et  al.  (37)  isolated  a  set  of  12  yeast  genes,  all 
belonging  to  the  AAA  family.  Among  them,  the  closest 
equivalents  of  the  human  genes  IBP],  TBP7 ,  and  MSS l  are 
named,  respectively,  YTA1,  YTA2,  and  YTA3.  These  genes  are 
identical  or  closely  related  to  either  cell  cycle  genes  or  to 
subunits  of  the  26S  proteasome.  We  identified  three  proteins 
interacting  with  TBP1:  p27  (34),  p40  (38),  and  p42(SUG-2) 
(34,  39)  in  a  yeast  two-hybrid  system  by  using  a  HeLa  cell 
cDNA  library  (data  not  shown).  Interestingly,  p27  and  p42  are 
subunits  of  the  human  proteasome  26S  modulator  complex, 
and  both  p40  and  p42  are  subunits  of  the  regulatory  protea¬ 
some  PA  700.  TBP1  itself  is  also  a  subunit  of  both  the  PA700 
and  modulator  complex  that  enhances  26S  proteasome  activity 
(34).  Moreover,  DeMartino  etu/.  (34)  reported  the  purification 
and  characterization  of  a  proteasomal  modulator  complex — a 
trimer  of  TBP1,  p42,  and  p27 — which  enhances  proteasomal 
activity  by  as  much  as  8-fold.  Recently,  Watanabe  et  al.  (40) 
established  the  association  of  p27,  p42,  and  TBP1  with  not  only 
the  modulator  complex  but  also  with  the  26S  proteasome 
complex.  High  sequence  similarities  of  TBP1  homologues  over 
widely  different  species  substantiate  that  TBP1  function  is 
essential  in  vivo  (12).  These  results  suggest  a  relationship 
between  TBP1  expression  and  a  protein  degradation  pathway. 

Cell  surface  levels  of  pl85ncu  and  EGFR  were  independently 
down-regulated  on  expression  of  TBP1  in  all  subclones  exam¬ 
ined  by  flow  cytometric  analysis  (B.-W.P.  and  M.I.G.,  unpub¬ 
lished  results).  These  results  suggest  that  TBP1  activity  is 
related  to  inactivation  of  surface  pl85ncu  and  EGFR.  TBP1,  as 
a  human  26S  proteasome  modulator  (34),  may  increase  pro¬ 
teasomal  activity  by  facilitating  degradation  of  sequestered 
cell-surface  proteins  in  addition  to  its  role  in  transcriptional 
regulation. 

This  study  shows  that  TBP1  expression  was  up-regulated 
with  anti-pl85ncu  mAb  (7.16.4)  treatment  in  BJ  04-1-1  cells  but 
not  in  NR6TintA  cells  expressing  internalization-defective 
p!85ncu  proteins  (Fig.  2 A).  U87/T691  cells,  an  EGFR-disabled 
cell  line  containing  a  trans-inhibitory  ectodomain  form  of 
pl85ncu  (T691stop  neu),  also  showed  an  increased  endogenous 
level  of  TBP1  over  that  observed  in  parental  U87MG  cells 
(Fig.  2C).  Our  findings  suggest  that  TBP1  expression  is  in¬ 
versely  related  to  the  “activity”  of  the  kinase  signaling  pathway 
(Fig.  2  A  and  C)  and  is  not  necessarily  a  direct  result  of  the 
receptor  degradation  alone  (Fig.  2C).  Attenuation  of  erbB 
receptor  signaling  seems  to  involve  the  activation  of  a  func¬ 
tional  tumor  suppressor-like  gene,  TBP1,  which  itself  is  asso¬ 
ciated  with  a  proteasomal  protein  degradation  pathway. 
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Several  growth  factors  and  cytokines,  including  EGF,  are  known  to  induce  tyrosine 
phosphorylation  of  Signal  Regulatory  Proteins  (SIRPs).  Consistent  with  the  idea  that  increased 
phosphorylation  activates  SIRP  function,  we  overexpressed  human  SIRPal  in  U87MG 
glioblastoma  cells  in  order  to  examine  how  SIRPal  modulates  EGFR  signaling  pathways. 
Endogenous  EGFR  proteins  are  overexpressed  in  U87MG  cells  and  these  cells  exhibit  survival 
and  motility  phenotypes  that  are  influenced  by  EGFR  kinase  activity.  Overexpression  of  the 
SIRPal  cDNA  diminished  EGF-induced  phosphoinositide-3-OH  kinase  (PI3-K)  activation  in 
U87MG  cells.  Reduced  EGF-stimulated  activation  of  PI3-K  was  mediated  by  interactions 
between  the  carboxyl  terminus  of  SIRPal  and  the  Src  homology-2  (SH2)-containing 
phosphotyrosine  phosphatase,  SHP2.  SIRPal  overexpression  also  reduced  the  EGF-induced 
association  between  SHP2  and  the  p85  regulatory  subunit  of  PI3-K.  Inhibition  of 
transformation  and  enhanced  apoptosis  following  gamma-irradiation  were  observed  in  SIRPal  - 
overexpressing  U87MG  cells,  and  enhanced  apoptosis  was  associated  with  reduced  levels  of  bcl- 
xl  protein.  Furthermore,  SIRPal -overexpressing  U87MG  cells  displayed  reduced  cell  migration 
and  cell  spreading  that  was  mediated  by  association  between  SIRPal  and  SHP2.  However, 
SIRPal-overexpressing  U87MG  clonal  derivatives  exhibited  no  differences  in  cell  growth  or 
levels  of  mitogen-activated  protein  kinase  (MAPK)  activation.  These  data  reveal  a  pathway  that 
negatively  regulates  EGFR-induced  PI3-K  activation  in  glioblastoma  cells  and  involves 
interactions  between  SHP2  and  tyrosine  phosphorylated  SIRPal.  These  results  also  suggest 
that  negative  regulation  of  PI3-K  pathway  activation  by  the  SIRP  family  of  transmembrane 
receptors  may  diminish  EGFR-mediated  motility  and  survival  phenotypes  that  contribute  to 
transformation  of  glioblastoma  cells. 


Introduction 

Observations  in  hematopoietic  cells  showing  that  signaling  from  receptor  tyrosine  kinases 
(RTKs)  could  be  attenuated  by  association  with  phosphotyrosine  phosphatases  led  to  the 
identification  of  distinct  families  of  inhibitory  receptors  (reviewed  in  Cambier,  1997; 
Coggeshall,  1999).  Most  of  the  inhibitory  receptors  are  monomeric  proteins  that  contain 
multiple  immunoglobin  super-family  (IgSF)  domains  in  their  extracellular  regions  (Cambier, 
1997).  A  consensus  cytoplasmic  sequence  found  in  these  inhibitory  receptors,  referred  to  as  the 
immunoreceptor  tyrosine-based  inhibitory  motif  or  ITIM,  binds  to  the  SH2  domain-containing 
phosphotyrosine  phosphatases  (PTPs)  SHPl  and  SHP2.  More  recent  efforts  (Fujioka  et  al., 
1996;  Ohnishi  et  al.,  1996;  Kharitonenkov  et  al.,  1997)  led  to  the  isolation  and  cloning  of  new 
inhibitory  receptors  in  neurons  and  epithelial  cells  based  on  their  binding  to  SHP2.  Signal- 
Regulatory  Proteins  [SIRPs  (Kharitonenkov  et  al.,  1997);  murine  homologue  SHPS-1,  or  SHP 
substrate  1  (Fujioka  et  al.,  1996)],  a  family  of  membrane  glycoproteins  and  putative  substrates 
of  the  SHPl  and  SHP2  phosphatases,  are  unique  members  of  the  inhibitory  receptor  family 
whose  members  are  ubiquitously  expressed.  While  expression  of  SHPl  is  restricted  to 
hematopoietic  cells,  the  distribution  of  SHP2  (previously  called  SH-PTP2,  PTP2C,  PTPlD, 
SHPTP3,  and  Syp)  is  similarly  widely  expressed  (Ahmad  et  al.,  1993;  Feng  &  Pawson,  1994). 

The  ITIM  motif,  (V/I/T)x  Yxx(V/L)  (where  V  is  valine,  I  is  isoleucine,  T  is  threonine,  L  is 
leucine,  Y  is  tyrosine,  and  X  is  any  residue)  was  identified  by  sequence  analysis  of  inhibitory 
receptors  originally  identified  in  hematopoietic  cells  (D'Ambrosio  et  al.,  1995;  Daeron  et  al., 
1995).  Phosphorylation  of  the  tyrosine  in  ITIM  triggers  binding  and  activation  of  SHPl  and 
SHP2  and,  in  some  cases,  the  phosphatidylinositol  (3,4,5)P3  5’  inositol  phosphatase,  SHIP 
(Cambier,  1997;  Coggeshall,  1999).  Mutation  of  the  I/V  position  disrupts  binding  of  SHPl  and 
SHP2  (Vely  et  al.,  1997).  In  many  systems,  the  binding  of  SH2  domain-containing 
phosphatases  appears  to  be  critical  to  the  function  of  inhibitory  receptors  and  PTPs  may 
represent  the  effectors  of  inhibitory  receptors.  It  is  likely  that  distinct  differences  in  the  primary 
sequence  surrounding  the  phosphotyrosine  residue  underlies  differential  recruitment  of  SH2 
domain-containing  proteins  between  positive  and  negative  signaling  receptors  (Cambier,  1997; 
Coggeshall,  1999).  Investigation  of  mechanisms  of  PTP  binding  to  ITIM  motifs  may  shed  light 
on  PTP  functional  regulation,  since  little  is  known  regarding  the  recruitment  and  activation  of 
PTPs  under  physiologic  conditions. 
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SIRP/SHPS-1  proteins  are  tyrosine  phosphorylated  in  response  to  EGF  and  insulin,  and  were 
originally  identified  in  anti-SHP-2  immunoprecipitates  (Fujioka  et  al.,  1996;  Kharitonenkov  et 
al.,  1997;  Takada  et  al.,  1998).  Integrin  signaling  also  increases  SHPS-1  tyrosine 
phosphorylation  and  SHP2  binding  (Tsuda  et  al.,  1998),  suggesting  that  SIRP/SHPS-1  proteins 
modulate  cell  signaling  in  response  to  both  soluble  growth  factors  and  cell  adhesion. 
Collectively,  these  findings  suggest  that  multiple  RTK-induced  pathways  may  be  downstream 
targets  of  SIRP.  SIRP  has  been  experimentally  shown  to  modulate  signaling  of  many  RTKs, 
including  the  insulin  receptor  and  the  Epidermal  Growth  Factor  Receptor  (EGFR) 
(Kharitonenkov  et  al.,  1997;  Takada  et  al.,  1998).  SIRP  tyrosine  phosphorylation  and 
subsequent  recruitment  of  SHP2  to  the  plasma  membrane  have  been  shown  to  be  related  to 
SIRP  functional  regulation  of  RTK  signaling  (Cambier,  1997;  Kharitonenkov  et  al.,  1997).  Many 
isoforms  of  human  SIRP  and  murine  SHPS-1  proteins  have  been  identified  and  multiple 
transcripts  of  SIRP  and  SHPS-1  genes  have  been  observed  in  many  tissues,  particularly  in  neural 
cells  (Fujioka  et  al.,  1996;  Kharitonenkov  et  al.,  1997;  Yamao  et  al.,  1997;  Veillette  et  al.,  1998; 
Jiang  et  al.,  1999).  Two  subtypes  of  the  SIRP  protein  family,  containing  at  least  fifteen 
members,  have  been  confirmed  (Kharitonenkov  et  al.,  1997).  SIRPa  proteins  are  distinguished 
from  SIRPp  forms  by  the  presence  of  an  endodomain  containing  ITIMs  (Veillette  et  al.,  1998), 
which  bind  SHP2  (Kharitonenkov  et  al.,  1997;  Veillette  et  al.,  1998). 

Mechanisms  by  which  ITIM-containing  receptors  such  as  SIRP  mediate  their  inhibitory  effects, 
and  the  role  of  the  SIRP/SHP2  complex  in  this  process,  have  not  been  well  characterized. 
SIRP/SHPS-1  receptors  have  been  shown  to  positively  or  negatively  regulate  MAPK  pathways 
following  stimulation  of  many  different  receptors  (Kharitonenkov  et  al.,  1997;  Takada  et  al., 
1998).  SIRPal  overexpression  in  NIH3T3  cells  inhibited  DNA  synthesis  and  MAPK 
phosphorylation  following  EGF  or  insulin  stimulation  (Kharitonenkov  et  al.,  1997).  Genetic 
and  biochemical  studies  have  shown  that  SHP2  may  positively  regulate  MAPK  signaling  in 
response  to  insulin,  FGF,  and  EGF  (Noguchi  et  al.,  1994;  Tang  et  al.,  1995;  Yamauchi  et  al 
1995;  Bennett  et  al.,  1996;  Saxton  et  al.,  1997;  Deb  et  al.,  1998;  Shi  et  al.,  1998),  but  attenuate 
MAPK  activation  following  PDGF  and  neuregulin  stimulation  (Saxton  et  al.,  1997;  Tanowitz  et 
al.,  1999).  In  other  studies,  increased  SHPS-1/SHP2  complex  formation  resulting  from 
overexpression  of  SHPS-1  potentiated  the  RAS-MAPK  pathway  in  response  to  insulin  (Takada  et 
al.,  1998)  or  integrin  stimulation  (Oh  et  al.,  1999).  The  precise  mechanisms  by  which 
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SIRP/SHPS-1  proteins  regulate  MAPK  signaling  and  other  signaling  pathways,  and  how  the 
SIRP/SHP2  complex  alters  RTK-induced  cell  signals  and  phenotype,  have  therefore  not  been 
established. 

ErbB  family  kinases  are  overexpressed  and/or  mutated  in  a  number  of  human  tumors,  including 
human  glioblastomas  in  which  erbBl/EGFR  signaling  pathways  are  deregulated  (Nishikawa  et 
al.,  1994;  Nagane  et  al.,  1996;  Huang  et  al.,  1997;  O'Rourke  et  al.,  1997a;  O'Rourke  et  al., 
1997b;  O'Rourke  et  al.,  1998a).  Mechanisms  of  attenuating  EGFR  signaling  in  glioblastoma 
cells  have  not  been  completely  defined.  Since  tyrosine  phosphorylated  SIRPal  has  been  shown 
to  inhibit  EGF-stimulated  responses,  including  DNA  synthesis  (Kharitonenkov  et  al.,  1997), 
analysis  of  SIRP  protein  function  may  also  yield  insight  into  physiologic  mechanisms  of 
erbBl/EGFR  signaling  inhibition.  Biochemical  characterization  of  erbBl/EGFR  inhibitory 
events  may  lead  to  application  of  receptor-based  therapies  for  many  erbB-expressing  human 
tumors,  including  human  glioblastomas,  the  most  malignant  and  most  common  adult  human 
brain  tumor. 

In  this  report,  we  evaluated  modulation  of  erbBl/EGFR  signaling  pathways  and  phenotype  by 
ectopically  overexpressed  SIRP  proteins  in  human  glioblastoma  cells.  We  have  used  the  human 
glioblastoma  U87MG  cell  line  as  a  model  system  to  characterize  EGFR-mediated  transforming 
and  survival  phenotypes  (Nishikawa  et  al.,  1994;  Nagane  et  al.,  1996;  Huang  et  al.,  1997; 
Nagane  et  al.,  1998;  O'Rourke  et  al.,  1997a;  O'Rourke  et  al.,  1998a;  O'Rourke  et  al.,  1998b). 
Independent  studies  of  the  PTEN  tumor  suppressor  protein  have  shown  that  deregulated  PI3-K 
pathway  activation  alters  glioblastoma  survival,  transformation,  motility  and  adhesion  (Furnari 
et  al.,  1997;  Furnari  et  al.,  1998;;  Tamura  et  al.,  1998;  Wick  et  al.,  1999).  In  this  report,  we 
demonstrate  new  functional  roles  for  tyrosine  phosphorylated  human  SIRPal  proteins  in 
modulating  EGFR  signaling  pathways  and  phenotype  of  human  glioblastoma  cells.  SIRPal 
negatively  regulates  EGF-induced  PI3-K  activation  and  leads  to  reduced  transformation, 
reduced  cell  migration  and  cell  spreading,  and  enhanced  apoptosis  following  DNA  damage  in 
EGFR-containing  human  glioblastoma  cells. 
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Results 

SIRPal  modulation  of  EGFR-mediated  cell  growth  and  transformation  in  human 
glioblastoma  cells . 

EGF-induced  phorphorylation  of  the  SIRP/SHPS-1  receptor  (Ochi  et  al.,  1997;  Tanowitz  et  al, 
1999;  Yamauchi  &  Pessin,  1995)  suggested  that  SIRP/SHPS-1  proteins  may  modulate  EGFR 
signaling  pathways.  Inhibition  of  EGF-  and  insulin-induced  DNA  synthesis  and  MAPK 
phosphorylation  was  observed  in  NIH3T3  cells  overexpressing  SIRPal  (Kharitonenkov  et  al, 
1997). 

Our  previous  work  utilized  a  trans- dominant  mutant  receptor  derived  from  pl85neu  that  inhibits 
EGFR  kinase  activity  to  show  that  EGFR  signaling  determines  transforming  and  apoptotic 
phenotypes  in  U87MG  glioblastoma  cells  (O'Rourke  et  al.,  1997a;  O'Rourke  et  al.,  1998a; 
O'Rourke  et  al.,  1998b).  In  order  to  investigate  the  relationship  between  SIRP  function  and 
EGFR  signaling  pathways,  we  overexpressed  the  SIRPal  cDNA  in  U87MG  cells,  which  contain 
high  endogenous  levels  of  EGFR,  but  no  other  detectable  erbB  family  proteins  (O'Rourke  et  al., 
1997a).  Stable  U87MG  clones  expressing  elevated  amounts  of  the  SIRPal  protein  were 
inhibited  65%  in  the  formation  of  morphologically  transformed  foci,  as  compared  to  clones 
expressing  vector  without  insert  (mean  number  of  foci  ±  SD:  U87/pIRES  31±1.4;  U87/SIRPal  11 
±  2.8;  data  confirmed  in  three  independent  experiments)  (Fig.  1A).  Confirmation  of  ectopic 
SIRPal  expression  was  confirmed  by  western  blotting  (see  below,  Fig.5A).  These  data  were 
reproduced  in  other  SIRPal-overexpressing  subclones.  Therefore,  SIRPal  inhibited  the 
transformed  phenotype  in  human  glioblastoma  cells. 

Interestingly,  cell  growth  after  48h,  as  determined  by  the  MTT  assay,  was  unaffected  by 
overexpression  of  SIRPal  in  U87MG  cells  (Fig.  IB).  Differences  in  cell  growth  were  also  not 
observed  in  SIRPal-overexpressing  cells  in  full  growth  media  for  up  to  seven  days  (data  not 
shown).  These  data  suggest  that  inhibition  of  transformation  mediated  by  SIRPal  is  not  related 
to  a  reduction  in  cell  growth  in  vitro  in  full  growth  media.  The  SIRPa  pathway(s)  in  glial  cells 
may  be  more  relevant  to  transformation  characteristics  than  mitogenic  proliferation. 
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SIRPal  overexpression  enhances  DNA  damage-induced  apoptosis  in  human 
glioblastoma  cells. 

The  role  of  SIRP  proteins  in  cell  survival  has  not  been  evaluated.  We  previously  showed  that 
inhibition  of  erbB  signaling  pathways  in  human  astrocytoma  and  glioblastoma  cells  enhanced 
apoptosis  after  irradiation-induced  DNA  damage  (O'Rourke  et  al.,  1998b).  Prolonged  serum 
deprivation  (96h)  did  not  induce  apoptosis  in  transformed  U87MG  parental  cells  or 
U87/SIRP0G  subclones  (data  not  shown),  supporting  previous  observations  in  glioma  cells 
(O'Rourke  et  al.,  1998b).  However,  overexpression  of  the  SIRPal  cDNA  conferred  increased 
sensitivity  to  apoptosis  following  gamma-irradiation  as  determined  by  an  examination  of 
nuclear  morphology  following  staining  with  4',6-Diamidino-2-phenylindole  dihydrochloride 
hydrate  (DAPI)  (O'Rourke  et  al.,  1998b).  For  a  positive  control  in  the  analysis  of  apoptosis,  we 
used  U87/T691  cells  engineered  to  express  a  kinase-deficient  mutant  pl85neu  receptor  that 
display  increased  sensitivity  to  irradiation-induced  cell  death  (O'Rourke  et  al.,  1998b). 
Apoptosis  in  U87/  SIRPal  and  U87/T691  cells  was  increased  above  U87/pIRES  cells  expressing 
vector  without  insert  at  both  48h  and  72h  following  irradiation  in  full  growth  medium  (mean 
percent  apoptosis  ±  SD:  U87/pIRES  3.6±  2.3,  48h,  5.3±  0.4,  72h;  U87/  SIRPal  14.2  ±  2.6,  48h, 
15.5  ±  2.1,  72h;  U87/T691  12.9  ±  0.2,  48h,  21.5  ±  0.7,  72h;  these  results  confirmed  in  three 
independent  experiments)  (Figs.  2,  3A).  Interestingly,  apoptosis  of  irradiated  U87/SIRPal  cells 
was  not  enhanced  by  serum  deprivation  (data  not  shown),  suggesting  the  activation  of  a 
pathway  that  is  serum-independent. 

Expression  of  a  mutant  EGFR  oncoprotein  in  U87MG  cells  leads  to  elevated  bcl-XL  protein  levels 
and  resistance  to  apoptotic  cell  death  triggered  by  exposure  to  chemotherapy  (Nagane  et  al., 
1998).  Since  EGFR  stimulation  modulates  SIRP  tyrosine  phosphorylation,  and  SIRPal 
expression  can  diminish  EGFR-mediated  transformation  in  U87MG  cells,  we  investigated  the 
hypothesis  that  apoptosis  occurring  in  SIRPal-overexpressing  cells  may  result  from  reduced 
levels  of  the  bcl-XL  protein.  Bc1-xl  was  induced  following  gamma-irradiation  in  U87MG-derived 
cells  (Fig.  3D).  Interestingly,  basal  and  radiation-induced  levels  of  bcl-XL  protein  were  reduced 
in  U87/SIRPal  cells  relative  to  controls  (Fig.  3D).  Bc1-xl  levels  returned  to  baseline  72h 
following  irradiation  in  U87/SIRPal  cells,  while  cells  expressing  vector  without  insert  showed 
sustained  elevation  in  bcl-xL  protein  levels  24-72h  following  gamma-irradiation  (Fig.  3D). 
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Modulation  of  Bc1-xl  protein  levels  has  also  been  shown  to  influence  sensitivity  to  apoptosis  in 
EGFR-containing  keratinocytes  exposed  to  cell  death  signals  (Rodeck  et  al.,  1997). 

Overexpressed  SIRPal  does  not  modulate  MAPK  activities  in  glioblastoma  cells. 

EGFR-dependent  signaling  and  phenotypes  in  glioblastoma  cells  have  been  characterized  by  our 
laboratory  (Qian  et  al.,  1996;  O'Rourke  et  al.,  1997a  ;  O'Rourke  et  al.,  1998a;  O'Rourke  et  al., 
1998b;  Wu  et  al.,  1999)  and  others  (Nishikawa  et  al.,  1994;  Nagane  et  al.,  1996;  Huang  et  al., 
1997;  Nagane  et  al.,  1998;).  Several  groups  have  reported  a  modulation  of  MAPK  activities  by 
SIRP  or  SHPS-1  (refer  to  Introduction  ).  Therefore,  one  mechanism  by  which  SIRP  inhibits 
EGFR-mediated  signaling  may  be  through  modulation  of  MAPK  activities.  Unexpectedly,  in 
vitro  kinase  assays  showed  that  EGF-induced  activation  of  extracellular  signal-regulated  kinase 
(ERK)-l,  ERK-2,  and  c-jun  amino-terminal  kinase  (JNK)  were  comparable  in  human 
glioblastoma  cells  stably  expressing  SIRPal  when  compared  to  cells  expressing  vector  without 
insert  (Fig.  4).  Notably,  basal  ERK  activities  between  U87MG  parental  and  U87/SIRPal 
subclones  were  comparable  (data  not  shown). 

Ectopically  expressed  SIRPal  negatively  regulates  EGF-induced  PI3-K  activation 
through  carboxyl  terminal  interactions  with  SHP2. 

In  order  to  more  precisely  define  the  mechanism  by  which  SIRPal  modulates  transforming  and 
apoptotic  pathways  in  EGFR-containing  glioblastoma  cells,  we  examined  EGF-induced  PI3-K 
activity  in  U87MG  cells  (Fig.  5).  U87MG  cells  overexpressing  wild-type  SIRPal  (U87/SIRPal) 
(Fig.  5A)  exhibited  reduced  EGF-induced  PI3-K  activity  in  anti-phosphotyrosine  (anti-pTyr) 
immunoprecipitates  when  compared  to  U87MG  cells  containing  vector  alone  (U87/pIRES)  (Fig. 
5B,  lanes  2,4).  Basal  PI3-K  activities  in  these  U87MG  derivatives  were  comparable.  In  order  to 
define  whether  SIRPal  attenuates  EGF-induced  PI3-K  activation  by  binding  SHP2,  we  utilized  a 
carboxyl  terminal  SIRPal  mutant  (SIRPal -4Y)  in  which  four  carboxyl  terminal  tyrosines  have 
been  mutated  to  phenylalanine,  making  this  mutant  incapable  of  binding  to  SHP2 
(Kharitonenkov  et  al.,  1997)  and  seen  below,  Fig.  6A,C).  Cells  overexpressing  the  SIRPal-4Y 
mutant  (U87/SIRPal-4Y)  displayed  EGF-induced  PI3-K  activation  that  was  comparable  to  cells 
containing  empty  vector  alone  (Fig.  5B,  lanes  1,2;  5,6),  indicating  that  a  SIRP/SHP2  complex 
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reduces  EGF-induced  PI3-K  activity.  These  data  were  reproduced  in  multiple  SIRPal-  and 
SIRPal-4Y-  overexpressing  subclones. 

SHP2  immunoprecipitates  have  been  shown  to  contain  PI3-K  activity  (Takahashi  et  al,  1999). 
In  order  to  examine  SIRP  modulation  of  PI3-K  activity  directly  associated  with  SHP2,  we 
assayed  induced  PI3-K  activity  contained  in  anti-SHP2  immunoprecipitations.  In  our  studies, 
anti-SHP2  immunocomplexes  contained  significant  amounts  of  PI3-K  activity  (Fig.  5C), 
suggesting  that  SHP2  plays  an  important  role  in  regulating  EGF-induced  PI3-K  activation  in 
human  glioblastoma  cells.  Interestingly,  anti-SHP2  immunoprecipitates  displayed  the  same 
pattern  of  PI3-K  activation  in  these  U87MG  subclones  as  anti-phosphotyrosine 
immunocomplexes  (Fig.  5  B,  C).  Moreover,  anti-EGFR  and  anti-p85  (PI3-K) 
immunoprecipitations  also  displayed  the  same  trends  observed  with  anti-pTyr  and  anti-SHP2 
immunoprecipitations  (not  shown).  It  is  possible  that  SHP2  may  contain  the  majority  of  PI3-K 
activity  in  EGF-stimulated  glioblastoma  cells,  although  there  may  be  differences  in  affinity  for 
tyrosine  phosphorylated  substrates  between  anti-SHP2  and  anti-phosphotyrosine  antibodies. 
Genetic  studies  have  shown  that  SHP2  functions  as  a  positive  regulator  of  EGFR  signaling  and 
that  EGFR/SHP2  interactions  contribute  to  PI3-K  modulation  in  mammalian  cells  (Qu  et  al, 
1999).  Since  the  SIRPal-4Y  mutant  protein  cannot  bind  SHP2  (Fig.  6)  (Kharitonenkov  et  al, 
1997),  these  data  indicate  that  SIRPal  negatively  regulates  EGF-induced  PI3-K  activation 
through  carboxyl  terminal  interactions  that  include  association  with  the  SHP2  phosphatase. 

Tyrosine  phosphorylated  SIRP  al  binds  SHP2  and  reduces  SHP2/p85  association 
in  human  glioblastoma  cells. 

Many  studies  have  since  confirmed  the  observation  that  the  SIRP  receptor  binds  SHP2  in 
mammalian  cells,  and  that  this  event  is  required  for  SIRPa  function  (Kharitonenkov  et  al, 
1997).  In  SHP2  immunocomplexes  from  U87MG  subclones,  overexpressed  SIRPal  was  tyrosine 
phosphorylated  and  associated  with  SHP2  constitutively  (Fig.  6  A,C,  lane  3).  EGF  treatment 
increased  the  amount  of  tyrosine  phosphorylated  SIRP  and  total  SIRP  bound  to  SHP2  (Fig.  6 
A,C,  lanes  3,  4).  Since  tyrosine  phosphorylation  has  been  linked  to  SIRPa  1  function, 
U87/SIRPal  subclones  therefore  contain  functional  SIRP  in  the  absence  of  EGF.  Despite  the 
level  of  ectopically  expressed  SIRPa  1-4Y  in  U87/SIRPal-4Y  cells  (Fig.  5A),  anti-SHP2 
immunoprecipitates  did  not  contain  SIRPa  1-4Y  with  or  without  EGF  stimulation  (Fig.  6C,  lanes 


5,6).  These  results  are  consistent  with  data  indicating  that  SIRPal  binds  SHP2  through 
carboxyl  terminal  sites  mutated  in  the  SIRPal-4Y  protein. 

Recent  studies  have  noted  the  association  between  SHP2  and  p85  in  certain  cell  types,  including 
an  association  induced  in  PC12  cells  by  NGF  (Okada  et  al.,  1996)  and  in  cortical  neurons  by 
BDNF  (Okada  et  al.,  1996;  Yamada  et  al.,  1999).  EGF  induced  the  association  between 
endogenous  SHP2  and  the  p85  regulatory  subunit  of  Pl3-kinase  in  U87MG  cells  expressing 
vector  without  insert  (Fig.6B,  lanes  1,2).  In  U87MG/SIRPal  cells,  EGF-induced  association 
between  SHP2  and  p85  was  diminished  (Fig.6B,  lanes  3,  4).  EGF-induced  association  between 
p85  and  SHP2  was  observed  in  cells  expressing  the  mutant  SIRPal-4Y  endodomain  (Fig.6B, 
lanes  5,6),  suggesting  that  tyrosine  phosphorylated  SIRPal  must  bind  SHP2  to  modulate  PI3-K 
activation  (Fig.  5B,C).  One  possibility  is  that  functional  SIRPal  sequesters  SHP2  from  p85. 
Given  the  two  SH2  domains  and  phosphotyrosine  phosphatase  activity  in  SHP2,  along  with  the 
number  of  signaling  pathways  modulated  by  SHP2,  SHP2-mediated  modulation  of  PI3-K 
activation  is  likely  to  be  complex.  These  data  suggest  a  novel  regulatory  mechanism  of  EGF- 
induced  PI3-K  activation  whereby  functional  SIRPa  proteins  may  negatively  modulate  PI3-K 
activation  by  inhibiting  an  EGF-inducible  SHP2/p85  association. 

SIRPal  regulates  glioblastoma  cell  migration  and  cell  spreading  through  SHP2. 

Immortalized  fibroblasts  derived  from  a  transgenic  mouse  in  which  the  NH2-terminal  SH2  site 
in  SHP2  had  been  deleted  exhibited  phenotypic  defects  in  cell  migration  and  cell  spreading, 
suggesting  that  SHP2  interactions  may  regulate  attachment  to  cell-matrix  interactions  and  cell 
migration  in  particular  cell  types  (Yu  et  al.,  1998).  More  recent  reports  have  illustrated  that 
SHP2  may  be  a  general  regulator  of  cell  motility  and  integrin  signaling  (Yu  et  al.,  1998;  Oh  et 
al.,  1999)  and  that  cooperative  activity  between  SHP2  and  Fak  may  be  important  for  this 
regulation  (Manes  et  al.,  1999). 

We  next  examined  the  specific  role  of  the  SIRPal  carboxyl  terminus  in  migration  and  spreading 
of  human  glioblastoma  cells  by  using  glioblastoma  clones  overexpressing  Mid-type  or  mutated 
SIRPal.  U87MG  cells  have  a  characteristic  morphology  and  have  been  used  for  studies  of  cell 
migration  and  cell  spreading  modulated  by  the  PTEN  phosphatase  mutated  in  many  human  glial 
tumors  (Tamura  et  al.,  1998).  U87MG  cells  expressing  either  empty  vector,  SIRPal  or  SIRPal- 


4Y  were  assessed  for  migration  on  fibronectin.  Notably  SIRP  proteins  are  constitutively 
phosphorylated  in  the  U87MG  subclones  used  for  these  experiments  (Fig.  6A).  U87/SIRPal 
cells  containing  wild-type  SIRPal  exhibited  a  reduced  rate  of  cell  migration  between  2-4h  after 
plating  when  compared  to  U87MG  clones  expressing  either  empty  vector  or  SIRPal  -4Y  (Fig.  7). 
Therefore,  reduced  glioblastoma  cell  motility  was  observed  in  cells  expressing  elevated  levels  of 
tyrosine  phosphorylated  SIRPal. 

To  examine  the  spreading  efficiency  of  glioblastoma  cells  expressing  wild-type  or  mutated 
SIRPal,  we  collected  U87MG  subclones  in  serum-free  DMEM  and  plated  cells  on  fibronectin- 
coated  cell  culture  dishes.  Fig.  8A  illustrates  the  progression  of  cell  spreading  following  plating 
of  the  U87MG  subclones.  U87MG  cells  were  well-suited  for  this  analysis  since  they  displayed  a 
relatively  homogeneous  morphology  immediately  after  plating.  U87MG  cells  containing  empty 
vector  (U87/pIRES  cells)  initiated  spreading  at  lOmin  and  greater  than  50%  of  cells  had 
attained  a  flat  morphology  at  25min.  By  60min,  greater  than  90%  of  cells  were  well-extended 
and  displayed  a  flat  morphology.  Cell  spreading  was  reduced  by  overexpression  and  tyrosine 
phosphorylation  of  wild-type  SIRPal  (Fig.  8A,  B).  Fewer  U87/SIRPal  cells  had  initiated 
spreading  and  more  appeared  smaller  at  lOmin.  In  contrast  to  U87/pIRES  cells,  the  majority  of 
U87/SIRPal  cells  stayed  round  at  25min.  Notably,  a  significant  amount  of  U87/SIRPal  cells 
were  not  well-extended  at  60min.  SIRPal -4Y-expressing  cells  exhibited  no  apparent 
morphological  differences  from  control  cells.  These  data  were  reproduced  in  multiple  SIRPal- 
and  SIRPal-4Y-  overexpressing  subclones.  Therefore,  the  tyrosine  phosphorylated  SIRPal 
carboxyl  terminus  reduces  cell  migration  and  cell  spreading.  Since  the  SIRPal -4Y  mutant 
receptor  is  not  tyrosine  phosphorylated  and  does  not  associate  with  SHP2  (Fig.  6),  these  data 
suggest  that  functional  phosphorylated  SIRPal  negatively  regulates  cell  migration  and  cell 
spreading  through  carboxyl  terminal  interactions  with  SH2  domains  in  SHP2.  These  data  were 
reproduced  in  independent  experiments  using  additional  subclones. 
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Discussion 

In  this  report,  we  have  demonstrated  several  new  functions  for  the  SIRP  transmembrane 
receptor  that  may  begin  to  shed  light  on  the  mechanism  by  which  ITIM-containing  inhibitory 
receptors  convey  biological  signals.  In  glioblastoma  cells,  SIRP  proteins  negatively  regulated 
EGF-induced  PI3-K  activation  by  carboxyl  terminal  interactions  with  SH2  domains  in  SHP2. 
Our  studies  also  indicate  that  tyrosine  phosphorylated  SIRPal  inhibits  an  inducible  association 
between  SHP2  and  the  p85  regulatory  subunit  of  PI3-K,  which  may  interfere  with  activation  of 
the  p85/pllO  PI3-K  heterodimer.  Modulation  of  an  association  between  SHP2  and  the  p85 
regulatory  subunit  is  consistent  with  the  role  of  SIRPal  in  regulating  PI3-K  activation.  Our 
results  support  previous  studies  indicating  a  critical  role  for  PI3-K  activation  in  transformation, 
motility  and  survival  of  mammalian  cells,  particularly  human  glioblastoma  cells.  Phenotypic 
consequences  of  SIRP  activation  and  diminished  SHP2/p85  interaction  include  reduced  PI3-K 
activation,  inhibition  of  transformation,  reduced  cell  migration  and  cell  spreading  and  enhanced 
apoptosis  following  DNA  damage.  SIRP  modulation  of  DNA  damage-induced  apoptosis  appears 
to  involve  regulation  of  bcl-XL  total  protein  levels,  a  finding  that  has  been  observed  by  others 
following  deregulation  of  EGFR  signaling  pathways  in  glioblastoma  cells  (Nagane  et  al.,  1998). 

These  studies  demonstrate  for  the  first  time  that  tyrosine  phosphorylated  SIRP  proteins  can 
attenuate  PI3-K  activation  following  stimulation  of  EGFR.  In  our  studies,  EGF  induced 
significant  PI3-K  activity  in  human  glioblastoma  cells  in  both  antiphosphotyrosine  and  anti- 
SHP2  immunocomplexes.  These  results  suggest  that  much  of  the  EGF-induced  PI3-K  activation 
in  glioblastoma  cells  may  occur  in  a  complex  that  contains  SHP2.  The  precise  role  of  SHP2  in 
regulating  the  PI3-K  pathway  in  astrocytoma  cells  has  not  been  resolved.  Notably,  anti-p85  and 
anti-SHP2  immunoprecipitations  revealed  the  same  trends  of  PI3-K  activities  as  anti-pTyr 
immune  complexes.  Biochemical  studies  using  chimeric  murine  ES  cells  containing  mutant 
SHP2  alleles  have  shown  that  SHP2  is  a  critical  mediator  of  EGFR  signaling  and  that  combined 
disruption  of  EGFR  and  SHP2  function  modulates  EGF-induced  PI3-K  activation  (Qu  et  al., 
1999).  Our  data  suggest  that  negative  PI3-K  regulation  requires  the  formation  of  a  SHP2/SIRP 
complex  and  that  this  complex  may  be  an  important  mechanism  of  attenuating  EGFR-induced 
PI3-K  signaling.  SHP2/SIRP  regulation  of  PI3-K  activation  is  supported  by  our  data 
demonstrating  that  SHP2/SIRP  interactions  alter  glioblastoma  spreading  and  migration,  two 
phenotypes  which  appear  to  be  more  related  to  PI3-K  signaling  than  MAPK  signaling.  Our 
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recent  experiments  indicate  a  similar  diminution  of  Akt/PKB  phosphorylation  by  the  functional 
SHP2/SIRP  complex,  supporting  our  results  on  PI3-K  activation.  SHP2/SIRP  complex 
formation  may  serve  to  recruit  and  modulate  PI3-K  activity  at  the  plasma  membrane  and  may 
therefore  represent  a  distinct  mechanism  of  modulating  the  PI3-K  pathway  following 
stimulation  of  EGFR  in  glioblastoma  cells. 

SHP2  has  been  reported  to  associate  inducibly  with  p85  in  PC12  cells  and  primary  neurons 
(Okada  et  al.,  1996;  Yamada  et  al.,  1999)  and  in  hematopoietic  cells  (Craddock  &  Welham, 
1997;  Gesbert  et  al.,  1998)  and  to  bind  inducibly  the  lipid  phosphatase  SHIP,  in  addition  to 
unknown  tyrosine  phosphorylated  proteins  plOO  and  pl20  in  hematopoietic  cells  (Carlberg  & 
Rohrschneider,  1997;  Zhang  &  Broxmeyer,  1999).  In  human  skin  fibroblasts,  distinct 
complexes  involving  SHP2,  p85,  and  uncharacterized  tyrosine  phosphorylated  proteins  pll5  and 
pl05,  but  not  including  EGFR  or  erbB3,  were  found  to  specifically  regulate  EGF-induced  PI3-K 
activity  (Takahashi  et  al.,  1999).  It  is  possible  that  the  identified  105-115kDa  proteins  in  these 
studies  represent  the  Gabl  (Shi  et  al,  2000)  or  Gab2  adaptor  proteins  (Gu  et  al.,  1998). 
However,  complexes  involving  SHP2  and  p85  may  also  contain  SIRP/SHPS-1,  since  numerous 
SIRP/SHPS-1  proteins  of  90-120kDa  have  been  identified  in  different  mammalian  cell  types,  in 
part  due  tissue-specific  glycosylation  differences  (Kharitonenkov  et  al.,  1997;  Veillette  et  al., 
1998). 

Cumulatively,  the  data  suggest  that  a  complex  containing  SHP2  and  SIRP,  and  possibly  other 
adaptor/ effector  proteins,  modulates  cell  signaling  following  stimulation  of  EGFR.  However,  a 
MAPK-independent  function  for  SIRP/SHPS-1  proteins  distinct  from  that  previously  reported 
(Kharitonenkov  et  al.,  1997;  Takada  et  al.,  1998)  is  suggested  by  our  data  in  glioblastoma  cells. 
Our  data  indicate  that  inhibition  of  transformation  and  reduced  survival  following  DNA  damage 
observed  in  SIRPal -overexpressing  human  glioblastoma  cells  are  not  mediated  by  alterations  in 
basal  or  EGF-induced  MAPK  activities.  Similarly,  SIRP  activation  does  not  appear  to  modulate 
mitogenic  pathways  in  glioblastoma  cells.  Cell  context  may  be  critical  for  SIRP  signaling.  In 
COS7  cells  we  have  been  unable  to  document  the  association  between  SHP2  and  p85  that  we 
have  consistently  demonstrated  in  U87MG  glioblastoma  cells.  Given  that  the  association 
between  SHP2  and  p85  can  only  be  documented  in  some  cell  types,  e.g  glioblastoma  cells,  it  is 
not  surprising  that  SIRP  may  preferentially  regulate  PI3-K  signaling  in  some  cells  and  MAPK 
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activation  in  others.  SIRP  appears  to  negatively  modulate  MAPK  signaling  in  NIH3T3  cells 
(Kharitonenkov  et  al.,  1997),  but  diminish  PI3-K  activation  in  astrocytes. 

Our  data  indicate  that  SIRP/SHP2  complexes  modulate  extracellular  matrix-induced  signals 
that  may  influence  efficiency  of  cell  transformation  and  cell  survival.  Moreover,  our  findings 
support  studies  indicating  that  PI3-K  signaling  pathways,  rather  than  MAPK  activation,  are 
critical  for  cell  motility  and  cell  survival  (Manes  et  al.,  1999;  Tan  et  al.,  1999),  both  of  which 
may  contribute  to  epithelial  cell  transformation.  Cell  adhesion  is  critical  for  maintaining  the 
integrity  and  topography  of  tissues.  Proper  cell  adhesion  requires  cell-matrix  adhesion  and  cell¬ 
cell  adhesion.  Cell  adhesion  molecules  induce  signals  that  influence  cell  proliferation, 
differentiation,  motility  and  survival  (Gumbiner,  1996).  Cell  spreading  has  been  shown  to  be 
closely  linked  to  cell  survival  (Re  et  al.,  1994;  Chen  et  al.,  1997).  Recent  evidence  has  indicated 
that  HRG-p-induced  cell-cell  adhesion  (aggregation)  of  MCF-7  human  breast  cancer  cells  is 
sensitive  to  the  PI3-K  inhibitors  wortmannin  and  LY294002,  but  not  to  the  MEKl  inhibitor 
PD98059  (Tan  et  al.,  1999).  The  active  signaling  complex  mediating  this  phenotype  appeared  to 
be  an  erbB2/erbB3  heterodimer  containing  more  inducibly  bound  p85  in  response  to  HRG-p. 
Others  have  shown  that  inhibition  of  HRG-stimulated  PI3-K  activation,  cytoskeletal 
reorganization  and  cell  migration  of  MCF-7  cells  occurs  independently  of  extracellular  signal- 
regulated  kinases  (Adam  et  al.,  1998).  Moreover,  PD-98059  has  been  reported  to  have  only  a 
marginal  effect  on  migration  of  MCF-7  breast  cancer  cells  (Manes  et  al.,  1999).  Our  data  reveal 
that  migration  and  spreading  of  glioblastoma  cells  were  reduced  by  increased  SIRP  tyrosine 
phosphorylation  and  binding  of  SHP2  in  cells  that  also  displayed  reduced  EGF-induced  PI3-K 
activation.  Taken  together,  the  data  suggest  that  SIRP/SHP2  complexes  may  coordinate 
independent  signals  initiated  by  integrins  and  the  EGF  receptor  that  may  converge  on  PI3-K. 

Our  data  also  reveal  increased  biochemical  complexity  in  the  regulation  of  cell  motility  by  SHP2. 
Mouse  fibroblasts  deficient  in  functional  SHP2  showed  defects  in  cell  migration  and  spreading 
on  fibronectin  (Yu  et  al.,  1998).  However,  expression  of  catalytically-inactive  SHP2  in  Rat-1 
fibroblasts  and  CHO  cells  increased  the  rate  of  cell  attachment  to  and  spreading  on  fibronectin 
(Inagaki  et  al.,  2000).  Therefore,  the  mechanism  by  which  SHP2  regulates  cell  motility  is  not 
clear  and  may  require  a  highly  complex  coordination  of  signals  that  are  related  to  cell  context. 
Our  studies  indicate  that  binding  of  functional  SIRPal  to  SHP2  is  able  to  reduce  motility  of 
human  glioblastoma  cells.  Motility-impaired  glioblastoma  subclones  also  displayed  reduced 


inducible  association  of  SHP2  with  p85  and  reduced  PI3-K  activation,  suggesting  that  the 
SHP2/p85  association  may  be  critical  in  positively  regulating  cell  migration  and  spreading 
through  activation  of  the  PI3-K  pathway.  Expression  of  the  AEGFR  oncoprotein  in  fibroblasts 
leads  to  preferential  activation  of  PI3-K  rather  than  MAPK  (Moscatello  et  al.,  1996;  Moscatello 
et  al.,  1998).  Furthermore,  expression  of  the  AEGFR  oncoprotein  in  glioblastoma  cells  induces 
elevated  constitutive  PI3-K  activity,  enhanced  SHP2/p85  association  and  increased  cell  motility 
(C-J  Wu  and  D.M.  O’Rourke,  unpublished  observations). 

It  is  interesting  that  functional  restoration  of  the  PTEN  phosphatase  into  U87MG  cells  leads  to 
reduced  cell  migration  and  cell  spreading  (Tamura  et  al.,  1998).  PTEN  negatively  regulates  an 
Akt/PKB  survival  pathway  (Stambolic  et  al.,  1998;  Wu  et  al.,  1998)  and  is  mutated  or  lost  in 
many  high-grade  glial  tumors  and  established  glioma  cell  lines,  including  U87MG  cells  (Li  et  al., 
1997;  Steck  et  al.,  1997).  Akt/PKB  is  a  PI3-K  effector  that  becomes  localized  to  sites  of  cell-cell 
and  cell-matrix  contact  in  epithelial  cells  in  a  PI3-K-dependent  manner  (Watton  &  Downward, 
1999).  Reintroduction  of  PTEN  into  glioma  cells  has  been  reported  to  increase  anoikis  (Davies 
et  al.,  1998),  a  process  of  programmed  cell  death  undergone  by  epithelial  cells  upon  detachment 
from  the  extracellular  matrix.  Moreover,  functional  PTEN  also  increases  sensitivity  to 
radiation-induced  apoptosis  (Wick  et  al.,  1999).  One  might  speculate  that  functional 
SHP2/SIRP  complexes  regulate  PI3-K  mediated  cell  survival  and  motility  pathway(s)  modulated 
further  downstream  by  the  PTEN  tumor  suppressor.  Understanding  the  biochemical 
consequences  of  SIRP/SHP2  interactions  may  lead  to  new  strategies  that  interfere  with  cell 
motility  and  survival  of  EGFR-overexpressing  glioblastoma  cells,  and  perhaps  other  erbB- 
containing  human  cancer  cells. 


Materials  and  methods 


Plasmid  Constructions. 

The  human  SIRPal  and  SIRPal-4Y  cDNAs  contained  in  pRK5(RS)  (Kharitonenkov  et  al.,  1997) 
were  modified  for  eukaryotic  expression.  The  pRK5(RS)  plasmids  were  digested  with  Nru  I  and 
Xho  I  and  the  fragments  containing  the  SIRPal  gene  or  its  4Y  mutant  gene  were  blunt-end 
ligated  into  the  expression  vector  pIRES/Hyg  (Clontech)  previously  linearized  with  Bam  HI  and 
blunt-ended  for  ligation.  Derivations  of  the  carboxyl  terminal-deleted  pl85neu  mutant  receptor 
construct,  T691stop,  have  been  detailed  previously  (O'Rourke  et  al.,  1997a).  Growth  inhibitory 
properties  of  T691stop  have  been  reported  (O'Rourke  et  al.,  1997a;  O'Rourke  et  al,  1998a). 

Maintenance  of  cells  and  transfection  procedures. 

Human  U87MG  glioblastoma  cells  were  obtained  from  the  American  Type  Tissue  Collection 
(Rockville,  MD)  and  cultured  in  Dulbecco's  modified  Eagle  medium  (DMEM)  supplemented 
with  10%  fetal  bovine  serum.  For  the  analysis  of  Sirpal  ectopic  expression,  U87MG  cells  were 
transfected  either  with  empty  vector  (pIREShyg),  pIRESHyg/SIRPal,  or  mutant 
pIRES/SIRPal-4Y  plasmids  using  lipofectamine  (Gibco-BRL,  Gaithersburg, MD)  and  were 
selected  with  80pg/ml  of  hygromycin  (Roche  Molecular  Biochemicals,  Indianapolis,  IN.). 
Positive  SIRPal-  or  SIRPal-4Y-  expressing  subclones  (U87/SIRPal  or  U87/SIRPal-4Y)  were 
identified  by  western  blotting  using  a  polyclonal  antibody  reactive  with  SIRPal.  U87MG- 
derived  clones  expressing  the  vector  without  insert  were  designated  U87/pIRES  cells.  All  the 
derived  cells  were  maintained  in  DMEM  containing  hygromycin  (35pg/ml). 

Immunoprecipitation,  co-immunoprecipitation  and  western  blotting. 

Cells  was  seeded  and  allowed  to  attach  overnight.  After  starvation  for  24h  in  DMEM  containing 
0.2%  FBS,  cells  were  treated  with  50ng/ml  of  EGF  for  5min  at  37°C.  The  cells  were  then  washed 
twice  with  lOmM  sodium  phosphate,  pH7.4,  150mM  NaCl,  ImM  Na3V04  and  solublized  in  lysis 
buffer  (50mM  Tris-HCl,  pH  7.5,  0.5%  Triton  X-100,  150mMNaCl,  2mMEGTA,  ImM  sodium 
orthovanadate,  ImM  phenylmethylsulfonyl  fluoride,  lOpg/ml  aprotinin,  lOug/ml  leupeptin). 
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Cell  lysates  were  then  subjected  to  centrifugation  at  12,000xg  for  15  min  at  4°C.  After 
normalization  of  supernatants  derived  from  untreated  cells  and  treated  cells  by  protein 
concentration  with  the  Dc  Protein  Assay  kit  (Bio-Rad,  Hercules,  CA),  500-1000pg  of  each  cell 
lysate  was  incubated  with  the  indicated  antibody  (l-3pg)  on  ice  for  2h.  Immune  complexes  were 
collected  with  Protein-A  conjugated  to  Sepharose  4B  (Sigma)  and  washed  three  times  with 
50mM  Tris,  pH7.5,  0.1%  Triton  X-100,  300mM  NaCl,  2mM  EGTA.  The  resulting 
immunoprecipitates  were  then  subjected  to  SDS-polyacrylamide  gel  electrophoresis  (PAGE)  (6- 
8%),  and  then  transferred  onto  nitrocellulose  membranes  followed  by  Western  blot  analysis 
with  the  indicated  antibodies  using  the  ECL  detection  system  (Amersham). 

For  western  blots  evaluating  Bc1-xl  protein  levels,  cells  were  harvested  at  the  indicated  time 
points  after  irradiation  (10  Gy,  6min),  and  samples  were  boiled  in  lysis  buffer,  as  recommended 
by  the  Bc1-xl  antibody  producer's  manual.  After  normalization  by  the  Bio-Rad  (Hercules,  CA.) 
protein  concentration  assay,  proteins  were  separated  by  12%  SDS-PAGE. 

MAP  kinase  and  PI3-kinase  immune  complex  kinase  assays. 

Cells  deprived  of  serum  for  24h  were  treated  with  or  without  EGF  (50ng/ml)  for  5  min.  For 
MAP  kinase  assays,  cells  were  lysed  with  RIPA  buffer  (25mM  Tris-HCl  (pH7.5),  150mM  NaCl, 
lmMMgCl2,  0.2  mM  EDTA,  0.5  mM  dithiothreitol,  1%  Triton  X-100,  0.5%  sodium 
deoxycholate,  20mM  p -glycerophosphate,  1  mM  sodium  orthovanadate,  ImM 
phenylmethylsulfonyl  fluoride,  lOug/ml  aprotinin,  lOug/ml  leupeptin).  Protein  concentrations 
were  determined  by  the  Dc  Protein  Assay  kit  (Bio-Rad).  Equal  amounts  of  proteins  from  cell 
extracts  were  immunoprecipitated  with  the  indicated  antibodies.  After  washing  extensively,  the 
immunocomplexes  were  then  incubated  with  50  pi  of  reaction  buffer  [  20  mM  Hepes,  50mM 
NaCl,  ImM  sodium  orthovanadate,  20mM  MgCl2,  20  uM  adenosine  triphosphate(ATP),  and 
20mM  P-glycerophosphate  (pH  7.4)  containing  2  pCi  of  [y-32P]ATP  (NEN  Life  Science  Products) 
and  2  pg  of  myelin  basic  protein  (MBP)  (Upstate  Biotechnology  Inc.)  for  the  ERK  kinase  assays 
or  2  pg  of  c-Jun  fusion  protein  (GST-jun)  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA.)  for  the 
JNK  kinase  assay.  After  incubation  for  10  min  at  30°C,  kinase  reactions  were  terminated  by  the 
addition  of  3x  Laemmli  sample  buffer.  The  samples  were  then  resolved  by  SDS-PAGE,  and 
phosphoiylated  substrates  were  visualized  by  autoradiography. 

PI3-kinase  assays  were  carried  out  as  previously  described  (Qian  et  al.,  1999)  with  slight 
modifications.  Cells  were  lysed  in  Nonidet  P-40  lysis  buffer  (20mM  Tris-HCl(pH  7.4),  137mM 
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NaCl,  1  mM  MgCl2,  10%  glycerol,  1%  Nonidet  P-40,  ImM  sodium  orthovanadate,  ImM 
phenylmethylsulfonyl  fluoride,  10  pg/ml  aprotinin,  1  pg/ml  leupeptin).  Equal  amounts  of 
protein  (500ug)  from  cell  extracts  were  immunoprecipitated  with  anti-phosphotyrosine  4G10  or 
anti-SHP2  for  3h.  Protein  A-sepharose  was  then  added  and  incubated  with  rotation  at  4°C  for 
another  2h.  Immune  complexes  were  then  washed  twice  with  lysis  buffer,  twice  with  0.5M  Li  Cl 
in  100  mM  Tris-HCl  (pH  7-5)  plus  lOOmM  sodium  othovanadate,  and  twice  with  reaction  buffer 
(25mm  Tris-HCl,  pH7.5,  100  mM  NaCl,  6.25mM  MgCl2,  0.625mM  disodium  EDTA).  The  beads 
were  resuspended  in  40  pi  of  reaction  buffer,  and  lOpl  of  substrate  mixture 
(phosphatidylinositol  and  phosphatidylserine  dispersed  by  sonication  in  10  mM  HEPES,  ImM 
EGTA,  pH7.5)  was  added.  The  tubes  were  incubated  at  room  temperature  for  10  min  and 
reactions  were  initiated  by  addition  of  5uCi/tube  [y-32P]ATP  in  5pl  of  100  pM  of  ATP  and 
terminated  by  addition  of  80  pi  of  CHCl3:CH30H(l:l)  after  another  10  min.  Phospholipids 
were  extracted,  desiccated,  and  redissolved  in  12pl  of  CHCl3:CH30H(2:l)  and  chromatographed 
on  thin  layer  chromatography  (TLC)  plates  (precoated  with  potassium  oxalate  and  baked  at 
100°C  for  lh  just  before  use)  in  CHCl3:CH30H:  2.5M  NH40H(9:7:2,v/v).  Signal  corresponding 
to  phosphatidylinosital  3-phosphate  (PIP)  was  visualized  after  autoradiography. 

Cell  growth  and  Transformation. 

For  cell  growth,  we  utilized  the  MTT  (3,(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium 
bromide)  assay  previously  described  (Hansen  et  al.,  1989;  O'Rourke  et  al.,  1997a).  For  assays  of 
focus  formation  of  stably  transfected  subclones,  previous  methods  were  employed  (Qian  et  al., 
1996). 

Nuclei  Staining  and  morphologic  analysis  of  apoptosis. 

Cells  were  plated  onto  coverslips  for  at  least  12  hours  prior  to  irradiation.  Dose  of  irradiation 
used  for  this  analysis  was  calculated  to  be  10  Gray  for  6min.  Coverslips  were  then  washed  twice 
with  PBS  at  the  indicated  times,  and  fixed  in  50:50  mix  of  ice-cold  methanol/acetone  for  one 
minute.  Coverslips  were  subsequently  stained  with  4',6-Diamidino-2-phenylindole 
dihydrochloride  hydrate  (DAPI)  (Sigma,  St.  Louis,  MO)  at  a  concentration  of  0.1-.25pg/ml  in 
PBS.  Inter-observer  consistency  in  apoptosis  counts  of  DAPI-stained  nuclei  were  confirmed 
with  terminal  deoxynucleotidyl  transferase-mediated  dUTP  nick  end  labeling  (TUNEL)-staining 
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and  by  three  independent  observers.  Statistical  significance  of  the  data  was  determined  using 
the  Student’s  f-test. 

Cell  motility  assay. 

Cell  migration  was  determined  as  previously  described  (Yu  et  al.,  1998)  using  modified 
chambers  containing  polycarbonate  membranes  (tissue  culture-treated,  6.5  mm  diameter,  8  pm 
pores,  transwell;  Costar,  Cambridge, MA).  The  lower  sides  of  the  membrane  were  coated  with 
fibronectin  (FN)  (lOpg/ml)  for  lh  at  37°C.  Trypsininized  cells  were  first  washed  once  with 
DMEM  containing  0.2%  soybean  trypsin  inhibitor  and  then  washed  twice  with  DMEM.  Cells 
were  added  to  the  upper  chamber  at  2xl04  cell/well  in  lOOpl  of  DMEM,  and  the  lower  chamber 
was  filled  with  DMEM  containing  4pg/ml  of  FN.  After  incubation  at  37°C  for  the  indicated 
times,  the  membrane  was  fixed  in  methanol,  and  cells  on  the  upper  surface  were  mechanically 
removed.  Migrated  cells  on  the  lower  side  of  membranes  were  stained  with  Giemsa  stain  and 
counted  under  a  microscope  at  400x  magnification.  Two  random  microscopic  fields  were 
counted  per  well,  and  all  experiments  were  performed  in  triplicate. 

Cell  spreading. 

U87MG-derived  glioblastoma  cells  were  collected  by  trypsinization  and  washed  twice  with 
DMEM  containing  0.2%  soybean  trypsin  inhibitor  (Sigma).  Cell  spreading  was  assessed  as 
described  previously  (Yu  et  al.,  1998).  Briefly,  2x  104  cells  were  resuspended  in  DMEM  and 
added  to  the  wells  of  24-well  plates  precoated  with  FN  (lOpg/ml)  overnight  at  4°C.  Cells  were 
allowed  to  spread  for  the  indicated  times  at  37°C,  and  then  photographed.  Differences  in 
morphology  were  found  to  be  easiest  to  quantitate  at  25min,  therefore,  this  time  point  was 
chosen  for  quantitation  of  cell  spreading. 

Antibodies. 

Rabbit  polyclonal  antibodies  against  a  GST-SIRPal  ectodomain  (Exl)  fusion  protein  and  against 
the  SIRPal  carboxyl  terminus  have  been  described  previously  (Kharitonenkov  et  al.,  1997). 
Anti-ERK,  anti-JNK  antibodies  and  polyclonal  antibody  reactive  with  the  SHP-2  carboxyl 
terminus  were  obtained  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  The  anti-SHP2 
antibody  used  for  immunoblotting  and  the  bcl-XL  polyclonal  antibody  were  obtained  from 
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Transduction  Laboratories  (Lexington,  KY).  The  anti-phosphotyrosine  mAh,  4G10,  and  the 
antibody  reactive  with  the  p85  regulatory  subunit  of  PI3-K  were  obtained  from  Upstate 
Biotechnology  (Lake  Placid,  NY). 
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Figure  Legends 


Fig.  1.  SIRP  al  inhibits  EGFR-mediated  transformation  of  U87MG  human 
glioblastoma  cells  but  does  not  affect  cell  proliferation.  A.  Transforming  efficiency  of 
SIRPal-overexpressing  U87MG-derived  subclones.  200  U87MG-derived  cells  were  plated  with 
104  NR6  cells  (Pruss  &  Herschman,  1977)  and  grown  in  5%  FBS-DMEM  for  14  days.  Foci  (mean 
±  SD)  were  then  stained  and  quantitated  based  on  triplicate  dishes  for  each  cell  line.  These  data 
were  confirmed  by  three  independent  experiments.  B.  Cell  growth  at  48h  following  overnight 
attachment  in  10%  FBS-DMEM  was  indistinguishable  between  U87/pIRES  and  U87/SIRPal 
cells.  Results  (mean  ±  SD)  of  absorbance  at  570nm  as  determined  by  an  ELISA  reader  are 
displayed  for  two  cell  concentrations  and  were  in  the  linear  range  for  this  cell  type  (Hansen  et 
al.,  1989).  Results  were  confirmed  in  three  independent  experiments. 

Fig.  2.  SIRPal  enhances  apoptosis  following  gamma-irradiation  in  U87MG  human 
glioblastoma  cells.  Mean  ±  SD  of  counts  derived  from  two  independent  observers  are 
presented  as  a  percentage.  Over  600  cells  were  counted  in  multiple  fields  for  each  sample  after 
staining  with  4',6-Diamidino-2-phenylindole  dihydrochloride  hydrate  (DAPI)  and  assessing  the 
morphologic  appearance  of  apoptosis  at  48-72h.  At  72h  following  irradiation  (10Gy,  6min), 
levels  of  apoptosis  were  significantly  (*)  higher  in  U87/  SIRPal  cells  (p<. 05)  and  in  U87/T691 
cells  (pc. 005)  than  in  control  U87/pIRES  cells.  Results  were  confirmed  in  three  independent 
experiments. 

Fig.  3.  A-C.  Morphologic  assessment  of  apoptosis  in  glioblastoma  subclones 
following  gamma-irradiation  (lOGy,  6min).  All  cells  were  stained  with  4',6-Diamidino-2- 
phenylindole  dihydrochloride  hydrate  (DAPI)  48-72h  after  being  exposed  to  gamma-irradiation. 
U87MG  cells  overexpressing  empty  vector  (A),  SIRPal  (B),  and  T691stop  neu  mutant  receptors 
(C)  are  shown.  Nuclei  exhibiting  apoptotic  morphology  (O'Rourke  et  al.,  1998b)  are  indicated 
by  the  arrows.  D.  Direct  western  blotting  of  cell  lysates  for  bcl-XL  protein  at  the  indicated  times 
following  gamma-irradiation.  Normalization  of  protein  loading  was  confirmed  by  Coumassie 
blue  staining. 

Fig.  4.  SIRPal  does  not  alter  ERKl,  ERK2,  or  JNK  MAPK  in  vitro  kinase  activities 

in  glioblastoma  subclones.  Whole  cell  lysates  taken  from  stably  transfected  U87/pIRES 
(empty  vector)  and  U87/SIRPal  cells  were  immunoprecipitated  by  antibodies  preferentially 
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reactive  with  both  phosphorylated  and  nonphosphorylated  ERKl  (lanes  1,2),  ERK2  (lanes  3,4) 
and  JNKl  (lanes  5,6)  forms  and  were  then  incubated  with  either  MBP  (lanes  1-4)  or  GST-jun 
(lanes  5,6)  following  EGF  treatment  (5  min,  lOOng/ml,  37°C).  In  vitro  kinase  activities  for 
ERKl,  ERK2,  and  JNKl  were  comparable  between  U87/pIRES  and  U87/SIRPal  stably 
transfected  subclones. 

Fig.  5.  SIRPal  attenuates  EGF-induced  PI3-K  activity  through  the  SHP2 
phosphatase.  A.  Evaluation  of  overexpressed  SIRPal  (lane  2)  or  mutated  SIRPal -4Y  (lane 
3)  protein  by  direct  western  blotting  of  whole  cell  lysates  with  polyclonal  antibody  reactive  with 
human  SIRPa  .  Ectopically  expressed  SIRPal  migrates  at  Mr=90kDa  in  U87MG  cells. 
Endogenous  SIRP  proteins  cannot  be  detected  with  the  concentration  of  protein  used  for  this 
analysis.  B,  C.  EGF-induced  PI3-K  activity.  U87MG  human  glioblastoma  cells  stably 
expressing  either  empty  vector  alone  (U87/pIRES),  SIRPal  (U87/SIRPal)  or  SIRPal-4Y 
(U87/SIRPal-4Y)  were  treated  with  or  without  EGF  (50ng/ml)  for  5  min  after  serum  starvation 
for  24h.  Equal  amounts  of  cell  extracts  were  immunoprecipitated  by  anti-pTyr  (4G10)  (B)  or 
anti-SHP2  (C)  antibodies  and  analyzed  for  PI3-K  activity  as  described  in  Materials  and 
Methods.  Autoradiogram  of  thin  layer  chromatography  plate  exposed  overnight  is  shown.  The 
positions  of  origin  (ori)  and  phosphatidylinositol  3-phosphate  (PIP)  are  indicated  by  arrows. 
Data  shown  are  representative  of  four  independent  experiments. 

Fig.  6.  SIRPal  inhibits  inducible  binding  of  SHP2  to  p85  regulatory  subunit  in 
glioblastoma  cells.  U87/pIRES,  U87/SIRPal,  and  U87/SIRPal-4Y  cells  were  serum-starved 
for  24h,  followed  by  treatment  with  or  without  EGF  (50ng/ml  for  5  min).  Whole  cell  extracts 
were  then  immunoprecipitated  by  an  antibody  reactive  with  SHP2  and  analyzed  by  8%  SDS- 
PAGE  according  to  Materials  and  Methods.  For  panels  A-D,  immunoblotting  of  SHP2 
immunocomplexes  was  performed  with  the  indicated  antibodies  and  signals  were  visualized 
with  the  ECL  detection  system. 

Fig.  7.  SIRPal  reduces  glioblastoma  cell  migration  through  an  interaction  with 
SHP2.  To  measure  cell  motility,  U87MG  clones  expressing  either  empty  vector,  SIRPal,  or 
SIRPal-4Y  were  added  to  the  upper  chamber  separated  by  a  8  pm  porous  membrane  in  a  6.5 
mm  Transwell  chamber.  The  cells  were  incubated  at  37°C  for  the  indicated  times,  and  allowed 
to  migrate  through  the  membrane  into  the  lower  side  which  was  coated  with  fibronectin. 
Migrated  cells  on  the  lower  side  of  the  membrane  were  then  counted.  The  data  represent  mean 


27 


Wu  et  al. 


±  S.D  of  a  representative  experiment  with  all  samples  performed  in  triplicate.  These  data  were 
reproduced  in  three  additional  experiments. 

Fig.  8.  Reduced  spreading  of  SIRPal -overexpressing  glioblastoma  cells  on 
fibronectin.  A.  U87MG  clones  expressing  either  empty  vector,  SIRPal  ,  or  SIRPal-4Y  were 
plated  on  fibronectin-coated  cell  culture  dishes,  incubated  at  37°C,  visualized  using  phase 
contrast  microscopy  and  then  photographed  at  10,  25,  and  60  min.  B.  Quantitative  comparison 
of  cell  spreading  efficiency  was  obtained  by  calculating  the  percentage  (mean  ±  S.D)  of  spread 
cells  for  U87MG-derived  cell  lines  at  25min  as  indicated  in  Materials  and  Methods.  This 
representative  experiment  was  confirmed  by  four  independent  experiments. 
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Monoclonal  antibodies  specific  for  the  pi  85HER2/neu  growth  factor  receptor  represent  a  significant 
advance  in  receptor-based  therapy  for  p185HER2/neu-expressing  human  cancers.  We  have  used  a  structure- 
based  approach  to  develop  a  small  (1.5  kDa)  exocyclic  anti-HER2/neu  peptide  mimic  (AHNP)  functionally 
similar  to  an  anti-pi 85HER2/neu  monoclonal  antibody,  4D5  (Herceptin).  The  AHNP  mimetic  specifically  binds 
to  p185HER2/neu  with  high  affinity  (K0=  300  nM).  This  results  in  inhibition  of  proliferation  of  p185HER2/neu-over- 
expressing  tumor  cells,  and  inhibition  of  colony  formation  in  vitro  and  growth  of  p185HER2/neu-expressing 
tumors  in  athymic  mice.  In  addition,  the  mimetic  sensitizes  the  tumor  cells  to  apoptosis  when  used  in 
conjunction  with  ionizing  radiation  or  chemotherapeutic  agents.  A  comparison  of  the  molar  quantities  of 
the  Herceptin  antibody  and  the  AHNP  mimetic  required  for  inhibiting  cell  growth  and  anchorage-inde¬ 
pendent  growth  showed  generally  similar  activities.  The  structure-based  derivation  of  the  AHNP  repre¬ 
sents  a  novel  strategy  for  the  design  of  receptor-specific  tumor  therapies. 

Key  Words:  ErbB2,  Her2,  neu,  mimetic,  doxorubicin,  Herceptin,  y-radiation,  tumor  therapy 


The  p  1 85HER2/neu  (also  called  c-erbB-2)  oncoprotein  is  the  human 
analog  ofpl85"m,and  is  overexpressed  in  -25-35%  of  human  breast, 
ovarian,  and  colon  cancers1,2.  Monoclonal  antibodies  to  the 
ectodomain  of  pl85neu3,4  and  to  pl85HER2/neu  (Herceptin)5  have  been 
shown  to  be  effective  in  limiting  growth  of  tumors  in  vivo. 
Recombinant  humanized  anti-HER2  monoclonal  antibody5 
rhuMAb4D5  (Herceptin)6"8  was  developed  as  a  useful  anti-oncopro¬ 
tein  therapeutic  agent  based  on  earlier  observations  by  Drebin  and 
colleagues4'9,10'  showing  that  anti-pl85ne“  ectodomain  specific  anti¬ 
bodies  reverse  the  malignant  phenotype  in  vitro  and  in  vivo. 

The  use  of  full-length  monoclonal  antibodies  in  clinical  applica¬ 
tions  may  be  limited  by:  ( 1 )  the  difficulty  or  expense  of  commercial- 
scale  production  (2)  exclusion  of  monoclonal  antibody  from  com¬ 
partments  such  as  the  blood/brain  barrier  (3)  limited  ability  for 
monoclonal  antibodies  to  penetrate  cells  and  tissues11,  and  (4)  the 
possibility  of  severe  side  effects  such  as  induction  of  anti-idiotypic 
antibodies  and  immune  complex  formation. 

In  instances  when  only  a  defined  surface  of  the  protein  medi¬ 
ates  activity,  smaller  peptides  represent  obvious  alternatives  as 
mimics  for  larger  macromolecular  structures.  Although  peptide 
mimetics  themselves  are  seldom  used  as  therapeutic  agents,  they 
can  be  used  as  a  template  and  through  iterative  reductions  in  size 
and  increases  in  biological  activity  may  lead  to  viable  therapeutic 
reagents12"17  better  suited  for  clinical  application  than  full-length 
antibody. 

We  have  developed  a  structure-based  procedure  for  designing 
peptidomimetics  that  focuses  on  small  loops  and  turn  reversals  of 
members  of  the  immunoglobulin  gene  family18"20.  Using  this 
method  we  have  designed  a  1 .5  kDa  anti-p  1 85HER2/neu  peptidomimet- 
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ic,  AHNP,  that  is  comparable  in  potency  to  the  full-length  mono¬ 
clonal  antibody  and  exhibits  biochemical  and  biological  properties 
that  are  predictive  of  therapeutic  use.  The  general  approach 
described  here  may  be  considered  a  paradigm  for  development  of 
specific  receptor-based  therapies,  and  AHNP  may  be  considered  a 
viable  candidate  for  use  in  clinical  trials  aimed  to  treat  pl85HER2/ncu- 
positive  human  cancers. 

Results  and  discussion 

Structure  of  the  AHNP.  Structural  studies  of  several  antigen-anti¬ 
body  complexes  have  shown  that  of  the  six  variable  loops21,  the 
heavy-chain  CDR3  loop  often,  but  not  always,  mediates  most  of  the 
contact  with  antigen22,23.  Furthermore,  they  show  that  antibodies 
can  provide  a  structural  internal  image  of  a  given  antigen24.  Based  on 
these  observations,  we  have  designed  mimetics  derived  from  CDR3 
loops  of  anti-pl85HER2,neu  monoclonal  antibodies. 

We  analyzed  CDR  loops  from  the  deduced  structure  of  the  mon¬ 
oclonal  antibody  7.16.4  (M.I.G.  and  P.  Alzari,  unpublished  results) 
and  the  crystal  structure  of  rhuMAb4D  525,26.  Both  monoclonal  anti¬ 
bodies  7.16.4  and  rhuMAb4D5  seem  to  bind  to  an  overlapping  epi¬ 
tope  on  the  pl85HER2/neu  ectodomain27.  The  CDR3H  loop  of  both 
antibodies  showed  41%  similarity  in  their  primary  structure,  and 
molecular  modeling  revealed  the  predicted  folding  of  these  loops  to 
be  similar.  Therefore  we  used  heavy-chain  CDR3  loops  of 
rhuMAb4D5  and  7.16.4  as  templates  to  design  several  analogs,  using 
strategies  developed  earlier15,19,20,28.  The  analogs  were  then  tested  for 
their  biological  activity.  Mimetics  that  showed  activity  higher  than 
200  pM  were  considered  minimally  active  in  cell  growth  inhibition 
assays  and  ignored  (data  not  shown). 
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Figure  1.  Structural  and  kinetic  binding  analyses  of  AHNP.  (A)  Three-dimensional 
structure  of  AHNP  from  molecular  modeling  is  shown  in  stereo.  AHNP  adopts  the  p-turn 
conformation  similar  to  the  anti-pi  85Her2/neu  antibody.  The  extending  hydrophobic  tail 
shows  a  p-sheet-like  extended  structure  similar  to  that  adopted  by  the  framework 
region  of  an  antibody.  These  residues  were  included  to  enhance  the  surface  area  of  the 
AHNP.  (B)  AHNP  is  compared  with  the  conformation  of  CDR3  loop  of  the  antibody  (1FVD 
;  ref.  25).  The  backbone  structures  of  CDR3  loop  of  1 FVD  (yellow)  and  the  AHNP  (red)  are 
very  similar  and,  when  superimposed  onto  each  other,  the  CDR3  loops  differ  by  only  2.2 
A  for  Ca  atoms.  (C)  Kinetic  binding  of  AHNP  and  rhuMab4D5  to  p185Hertyneu  receptor  is 
shown.  (C)  AHNP  and  (D)  rhuMab4D5  bind  in  a  dose  dependent  manner  to  p185Her2/neu 
receptor.  The  association  and  disassociation  of  AHNP  and  rhuMab4D5  were  studied  at 
different  concentrations.  AHNP  at  concentrations  of  0.5,  1.0,  2.0,  4.0  pM  were  injected 
over  a  surface  containing  3,600  RU  of  p185HER2,ne“.  At  300  s,  the  sample  was  replaced 
with  buffer,  and  dissociation  followed  for  3  min.  The  measured  binding  affinity  of  AHNP 
(Kd)  is  300  nM  compared  to  KD  of  1  nM  for  Herceptin. 


Time  (s) 


Analysis  of  several  analogs  has  shown  that  two  structural  features 
of  the  peptides  seem  to  affect  potency  of  cyclic  peptides:  ( 1 )  ring  size 
and  (2)  inherent  flexibility29’30.  Residues  at  the  C  terminus  also 
seemed  critical  for  activity.  To  enhance  stability,  folding,  and  avidity, 
we  employed  aromatic  modification15,31’32.  To  extend  the  surface  area 
at  the  interface  of  interaction,  we  used  extended  residues  (MDV) 
beyond  the  stabilizing  cysteine  residues  in  all  of  the  AHNP  species. 

One  of  the  compounds  (FCGDGFYACYMDV)  showed  moder¬ 
ate  activity  at  IC50  of  100  (iM.  High-pressure  liquid  chromatography 
(HPLC)  analysis  of  this  mimic  revealed  two  predominant  forms  of 
the  peptides,  and  one  species  had  higher  activity  (data  not  shown). 
Upon  sequencing,  it  was  noted  that  the  Gly3  was  missing.  A  model 


without  Gly3  revealed  a  more  classical  |3-turn  (Fig.  1A)  than  the 
original  peptide.  The  putative  contact  residues  of  these  peptide 
mimetics  seem  to  have  a  similar  relative  disposition  (root  mean 
square  deviation  for  Ca  atoms  is  2.2  A)  to  that  of  the  CDR3H  of  the 
parent  antibody  rhuMAb4D5  (Fig.  IB).  Thus,  exocyclic  peptides 
that  adopt  rigid  (compared  to  the  original  peptide  mimic  with  extra 
glycine)  and  comparable  ring  sizes  to  (3-turns  may  be  capable  of 
high-affinity  binding  activity. 

Kinetic  binding  affinity  of  AHNP.  Anti-HER  2/neu  peptide  has  a 
300  nM  binding  affinity  for  the  pl85HER2/neu  (Fig.  1C).  Based  on  the 
association  and  dissociation  kinetics  using  a  1:1  Langmuir  model  for 
simple  bimolecular  interactions,  the  affinity  of  AHNP  was  shown  to 
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Figure  2.  Inhibition  of  cell  proliferation  and  anchorage-independent  growth  by  AHNP.  (A)  Effect 
of  AHNP  treatment  on  proliferation  of  cells  expressing  p185HER2/neu,  as  compared  with  an 
irrelevant  peptidomimetic  peptide,  CD4.M3  (100  ug).  Cell  proliferation  was  measured  by  the 
standard  MTT  assay.  (B)  In  the  MTT  assay,  the  growth  inhibition  activity  of  AHNP  and  Herceptin 
on  SKBR-3  and  T6-17  (Her2/neu  only)  cells.  (C)  Transforming  efficiency  of  the  SKBR-3,  T6-17, 
and  U373MG  cells  after  AHNP  treatment.  Results  are  from  three  independent  experiments.  An 
irrelevant  peptidomimetic  CD4.M3  (100  ug)  was  used  as  a  control.  (D)  A  comparison  of 
anchorage-independent  growth  inhibition  of  Herceptin  and  AHNP  on  T6-17  cells  employing  the 
focus  formation  assay  as  described  in  the  Experimental  protocol. 
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Figure  3.  Combined  cytotoxicity  of  doxorubicin  and  AHNP.  The  antiproliferation  effect  of  doxorubicin  HCI  as 
determined  by  dose-dependent  administration  of  AHNP  (A)  in  human  p185HER2/neu-positiveT6-17  cells  (B)  and  in  human 
U87MG  cells  expressing  negligible  concentrations  of  p185HER2/neu.  Results  represent  the  mean  ±  s.e.  of  three  readings. 

have  a  Kp  of  3.59  x  10'7  M.  The  apparent  korl  and  kou  rate  constants  Inhibition  of  cell  transformation  w; 

were  estimated  to  be  1.32  x  103  M'1  s'1  and  4.74  x  10"4  M*1  s1,  respec-  age-independent  growth  focus  format 

tively.  Based  on  a  bivalent  model,  the  monoclonal  antibody  ment  of  cells  from  three  transformed 

rhuMAb4D5  binds  the  pl85HER2,neu  receptor  with  a  Kp  of  1.04  x  10"9  M  ment  of  morphologically  transformed  1 

withkon  andk0ff  1.18  x  105  M'1  s'1  and  1.23  x  10'4  M'1  s'1,  respectively.  efficiencies  of  SKBR-3,T6- 17,  and  U373 

The  k0ff  value  is  considered  as  critical  for  kinetic  binding  in  the  +  5.6%  (mean  +  s.e.m.),  81.9  +  1.8%,  a: 

development  of  therapeutics  of  biological  activity  33,34  and  generally  by  AHNP  treatment  in  three  indepem 

correlates  with  potent  biological  effects35.  Although  the  KD  of  the  treatment  with  an  irrelevant  mimetic,  C 

AHNP  species  binds  with  less  affinity  than  that  of  the  monoclonal  inhibition  of  transforming  efficiency  of 

antibody,  their  k0ff  rate  is  very  similar,  which  suggests  that  the  A  comparison  of  Herceptin  and  AHNP 

AHNP  forms  a  stable  receptor  complex.  High-pressure  liquid  chro-  slightly  better  at  inhibiting  large  foci  f 

matography  studies  revealed  AHNP  existed  as  a  monomer  only  less  efficient  than  AHNP  at  inhibition  o 

(data  not  shown).  Enhanced  inhibition  of  cell  prolife 

To  assess  the  specificity  of  this  interaction,  the  tumor  necrosis  cotreatment  with  AHNP.  Treatment  wi 

factor  receptor-(ectodomain)-Fc  (TNFR-Fc)  receptor  was  immobi-  bicin-mediated  inhibition  of  cell  prolife 

lized  to  the  sensor  surface.  The  AHNP  did  not  bind  to  TNFR-Fc,  pressingT6-17  cells  (Fig.  3A).  With  dox 

indicating  that  AHNP  polypeptide  is  specific  for  the  pi85HER2/neu  njvl,  minimal  inhibition  of  cell  gro 

ectodomain  (data  not  shown).  Calculated  and  experimentally  Cotreatment  with  AHNP  resulted  in  ad 

observed  maximum  binding  capacities  of  the  commercially  pro-  tic  inhibition  at  5-10  pM,  whereas  0.5- 

duced  rhuMAb4D5  were  comparable  (Fig.  ID).  No  interaction  of  inhibition  that  was  additive  with  doxori 

the  peptide  with  the  matrix  was  observed  (data  not  shown).  Anti-HER  2/neu  peptide-mediated  ii 

Downmodulation  of  surface  pl85HER2/neu  receptors  by  AHNP.  doses  of  doxorubicin.  However,  AHNP  ti 
Downmodulation  of  pl85Her2/ncu  by  AHNP  was  modest  (only  about  inhibition  of  cellular  proliferation  of  U87 
25%  of  total  surface  receptors  downmodulated)  and  far  less  than 

with  monoclonal  antibody  7.16.4  treatment  of  pl85"e"-expressing  so  - 

cells  (data  not  shown)36.  Mechanisms  involved  in  downmodulation  _ 

of  type  I  receptor  tyrosine  kinase  (RTKs)  of  the  erbB  family  of  recep-  ^ 

tors  have  not  been  completely  defined.  Efficient  downmodulation  of 

erbB  receptor  kinases  apparently  requires  an  intact  tyrosine  kinase  .22  ggSl 

activity  as  well  as  a  structural  module  within  the  C  terminus37.  O  30  jg|§ 

Because  AHNP  is  able  to  downmodulate  surface  pi 85HER2,ncu  recep-  g-  gjij 

tors  to  a  smaller  extent  than  the  monoclonal  antibody,  downmodu-  Q-  ^  jjjjjj 

lation  may  be  driven  by  induced  conformational  changes  in  the  fllB 

receptor,  and  this  allosteric  effect  may  trigger  other  inhibitory  sig-  °  HI  T 

nals,  which  then  affect  phenotype.  10  nJ 

AHNP  inhibits  cell  proliferation  and  anchorage-independent  Ef 

growth.  We  analyzed  the  growth  characteristics  of  peptidomimetic-  0  _ ffcfc 

treated  cells  using  the  MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-  48 

diphenyltetrazolium  bromide)  assay  for  mitochondrial  viability38  in  Time  after  gamma-irradiation  (hours) 

an  adherent-cell  assay.  In  three  cell  lines  overexpressing  pl85HER2,r,cu 

at  various  concentrations,  treatment  with  AHNP  resulted  in  33-53%  Figure  4.  AHNP  enhances  y-irradiation-induced  apoptosis.  Enhanced 

inhibition  of  cell  proliferation  (Fig.  2A).  The  dose-dependent  inhibi-  apoptotic  cell  death  observed  at  48  h  and  72  h  following  y-irradiation, 

.  •  ■  ,  .  c-  ,  „  .  .ii  ir  ,■  f  after  pretreatment  of  p185HER2/neu-positive  U373MG  human 

tion  is  best  seen  in  Figure  2B.  Adherent-cell  proliferation  was  unaf-  .  .u,,v ,  ~  „  ,  .  .  ...  ... 

y  r  astrocytoma  cells  with  AHNP.  Cells  were  pretreated  with  either  PBS 

fected  by  AHNP  or  CD4.M3  treatment  in  Jurkat  and  U87MG  cells  or  a  sjmi|ar  amount  of  an  irrelevant  peptidomimetic  of  identical 

that  do  not  contain  pl85HER2,ncu  (Fig.  2A).  These  data  suggest  that  molecular  mass  (CD4-M3)  as  controls. 


_  AHNP,  such  as  anti- 

U87MG  pl85HER2,ncl1  antibodies8,39, 

specifically  inhibits  prolif- 
_  eration  of  pl85HER2,neu- 

AHNP  in  pg  expressing  cells.  As  seen  in 

d  o  Figure  2B,  we  conducted  a 

0  0.5  comparison  of  the  molar 

B  1  amounts  of  the  Herceptin 

n  5  antibody  and  AHNP 

required  to  affect  the 
growth  of  cells  that  over¬ 
express  pl85HER2/nc“  (T6- 
o.i  i  3  17)  or  that  overexpress 

p185HER2/ncu  and  EGPr 

of  Doxorubicin. HCI  (ng)  (SKBR-3).  Anti-HER 

2/neu  peptide  was  better  at 

liberation  effect  of  doxorubicin  HCI  as  inhibiting  16-17  growth 

12/neu. positive  T6-1 7  cells  (B)  and  in  human  and  equivalent  to 
present  the  mean  ±  s.e.  of  three  readings.  Herceptin  at  inhibiting 

SKBR-3  growth. 

Inhibition  of  cell  transformation  was  assessed  using  an  anchor- 
age-independent  growth  focus  formation  assay.  The  AHNP  treat¬ 
ment  of  cells  from  three  transformed  lines  inhibited  the  develop¬ 
ment  of  morphologically  transformed  foci  (Fig.  2C).  Transforming 
efficiencies  of  SKBR-3,  T6-17,  and  U373MG  cells  were  inhibited  84.1 
±  5.6%  (mean  +  s.e.m.),  81.9  ±  1.8%,  and  44.2  +  1.6%,  respectively, 
by  AHNP  treatment  in  three  independent  experiments.  However, 
treatment  with  an  irrelevant  mimetic,  CD4.M3,  did  not  result  in  any 
inhibition  of  transforming  efficiency  of  the  same  cell  lines  (Fig.  2C). 
A  comparison  of  Herceptin  and  AHNP  revealed  that  Herceptin  was 
slightly  better  at  inhibiting  large  foci  formation  of  T6-17  cells  but 
less  efficient  than  AHNP  at  inhibition  of  all  sized  foci  (Fig.  2D). 

Enhanced  inhibition  of  cell  proliferation  by  doxorubicin  with 
cotreatment  with  AHNP.  Treatment  with  AHNP  increased  doxoru¬ 
bicin-mediated  inhibition  of  cell  proliferation  in  pl85Her2/"e"-overex- 
pressing  T6-17  cells  (Fig.  3A).  With  doxorubicin  alone  at  a  dose  of  3 
nM,  minimal  inhibition  of  cell  growth  (40%)  was  observed. 
Cotreatment  with  AHNP  resulted  in  additive  and  possibly  synergis¬ 
tic  inhibition  at  5-10  pM,  whereas  0.5-1  pM  of  AHNP  resulted  in 
inhibition  that  was  additive  with  doxorubicin  effects  (Fig.  3A). 

Anti-HER  2/neu  peptide-mediated  inhibition  was  observed  at  all 
doses  of  doxorubicin.  However,  AHNP  treatment  did  not  enhance  the 
inhibition  of  cellular  proliferation  of  U87MG  cells  that  do  not  contain 
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Figure  5.  Inhibition  of  in  vivo  tumor  growth  by  administration  of  AHNP.  Tumor  growth  mediated  by  T6-17  cells  was  assessed  in  athymic  mice.  (A) 
Mice  were  administered  200  |ig  of  AHNP,  the  irrelevant  mimetic  CD4.M3,  or  PBS  by  intraperitoneal  injection,  three  times  weekly  beginning  on 
the  day  of  T6-17  cell  inoculation.  (B)  Same  experiments  as  in  (A),  except  that  AHNP  was  given  to  mice  on  the  day  of  inoculation  (AHNP@day  1) 
or  seven  days  after  (AHNP@day  7).  (C)  The  effect  of  cotreatment  with  AHNP  on  the  antitumor  activity  of  doxorubicin  against  well-established 
T6-1 7  tumor  xenografts.  Results  are  given  as  mean  tumor  volume  ±  s.e.  Tumor  growth  in  animals  treated  with  both  reagents  was  significantly  (P 
<  0.001)  different  compared  to  controls. 


pl85HER2/neu  (Fig.  3B).  U87MG  cells  exhibited  only  20-25%  inhibition 
of  cell  growth  at  doses  of  3  nM  doxorubicin.  U87MG  cells  lack 
pl85Her2/neu  and  contain  elevated  concentrations  of  endogenous  epider¬ 
mal  growth  factor  receptor  (EGFR)40,  in  addition  to  low  concentrations 
of  erbB3  and  erbB4  proteins  (data  not  shown).  These  data  indicate  that 
AHNP  selectively  inhibits  proliferation  of  pl85HER2/neu-expressing  cells 
in  which  p  1 85  is  contributing  to  the  transformed  phenotype. 

AHNP  increases  tumor  cell  death  in  response  to  y-irradiation. 
Induction  of  apoptosis  rather  than  cell  cycle  arrest  may  underlie  suc¬ 
cessful  anticancer  treatment40’41.  Therefore  we  examined  whether 
AHNP  could  enhance  cell  death  induced  by  radiation. 

Incubation  with  AHNP  of  U373MG  cells  containing  elevated 
EGFR  concentrations  and  moderately  elevated  concentrations  of 
p  185HER2/neu  followed  by  y-irradiation  resulted  in  36%  and  40%  cell 
death  at  48  h  and  72  h,  respectively,  compared  to  cell  death  fractions 
of  about  10%  observed  at  all  time  points  in  untreated  U373MG  cells 
(Fig.  4).  As  a  control,  an  irrelevant  peptide  mimetic  of  equivalent 
molecular  mass,  CD4.M3,  was  shown  to  not  enhance  radiation- 
induced  apoptosis. 

Inhibition  of  in  vivo  tumor  growth  by  AHNP.  Small  exocyclic 
peptides  have  short  half-lives  and  may  be  cleared  before  they  can 
induce  biological  changes.  However,  we  have  found  that  AHNP  is  an 
active  molecule  in  in  vivo  assays.  In  an  athymic  mouse  model,  mon¬ 
oclonal  antibody  4D5  was  shown  to  localize  at  the  site  of  tumors  in 
vivo  and  inhibit  the  growth  of  human  tumor  xenografts  that  overex¬ 
press  pi  85HER2/neu  (ref.  39). 

In  vivo  growth  of  T6- 1 7  transfected  fibroblasts  expressing  human 
pl85Her2/ne“  was  evaluated  in  athymic  mice.  In  the  first  set  of  studies, 
AHNP  was  administered  intraperitoneally  three  times  weekly  fol¬ 
lowing  inoculation  of  tumor  cells  in  the  flank.  Sustained  treatment 
with  AHNP  resulted  in  inhibition  of  tumor  xenograft  formation. 
Administration  of  a  size-matched  irrelevant  peptidomimetic  pep¬ 
tide,  CD4.M3,  or  phosphate-buffered  saline  (PBS)  had  no  effect  on 
tumor  growth  (Fig.  5A).  We  then  AHNP  administered  intraperi¬ 
toneally  after  the  development  of  small  palpable  tumors  derived 
from  the  T6-17  fibroblast.  AHNP  also  inhibited  progression  of 
tumor  formation  in  these  animals,  indicating  that  AHNP  could 
inhibit  progression  of  growth  of  established  tumors  (Fig.  5B). 

As  with  studies  using  the  full-length  rhuMAb4D5  in  our  hands, 
growth  delay  alone  was  observed  because  tumors  eventually  grew  in 
all  treated  animals.  This  result  suggests  that  the  action  of  the  AHNP 
is  cytostatic,  and  not  cytotoxic,  a  feature  described  in  previous 
reports  using  full-length  antireceptor  antibodies10,42. 

Inhibition  of  in  vivo  tumor  growth  is  enhanced  by  coadminis¬ 
tration  of  doxorubicin  and  AHNP.  Although  AHNP  and  doxoru¬ 
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bicin  independently  showed  inhibition  of  established  tumor  growth, 
administration  of  both  AHNP  and  doxorubicin  increased  growth 
inhibition  of  tumor  xenografts  in  an  additive  manner  (Fig  5C). 
Similar  concentrations  of  inhibition  were  observed  in  vivo  with 
either  AHNP  or  doxorubicin.  Inhibition  of  tumor  cell  growth  in  vivo 
by  treatment  of  U373MG  cells  with  AHNP  alone  revealed  that  the 
AHNP  could  inhibit  tumor  growth  in  cells  expressing  pi 85HER2/neu  in 
combination  with  EGFR  and  other  erbB  proteins  (data  not  shown). 

In  summary,  we  have  reduced  the  macromolecular  structure  of  a 
monoclonal  antibody  to  a  small  secondary  structure  mimetic  that 
has  high  affinity  and  in  vivo  activity  against  tumor  growth,  creating  a 
true  “antibody  mimic.”  This  small  molecule  has  comparable  affinity 
and  molar  activities  as  the  parental  Herceptin  antibody.  Creation  of 
such  small  antibody  mimics  not  only  eliminates  the  laborious 
humanization  of  antibodies,  but  also  provides  a  new  avenue  in  the 
design  of  antibody-based  therapy. 

Experimental  protocol 

Design  of  AHNP.  We  analyzed  the  crystal  structure  of  anti-pl85HER2,ne“  recep¬ 
tor  antibody  ( 1 FVD25,26)  and  the  structural  model  of  an  anti-p  1 85ne“  antibody 
(7.16.4)  that  binds  rodent  and  human  pl85  and  compared  all  of  the  CDRs  of 
both  monoclonals  for  sequence  and  structural  similarity  using  a  variety  of 
software  including  BLAST,  CLUSTALV,  and  AbM  (Oxford  Molecular, 
Mountain  View,  CA).  Details  of  the  procedure  in  the  design  of  pep¬ 
tidomimetic  are  described  in  Takasaki  and  coworkers20.  Molecular  modeling 
and  the  structural  analyses  were  carried  out  using  both  QUANTA  and 
INSIGHT  (Molecular  Simulation,  San  Diego,  CA). 

Kinetic  binding  analysis.  Biosensor  experiments  were  carried  out  on  both 
Biacore  X  and  Biacore  2000  (Biacore  AG,  Uppsala,  Sweden)  instruments  at 
25°C.  Recombinant  purified  pl85HER2,ne“  receptors  composed  of  the 
ectodomain  of  pl85HER2,nEU  fused  to  the  Fc  of  human  IgG  (provided  by  Dr. 
Che  Law,  Xcyte  Therapeutics,  Seattle,  WA)  were  immobilized  to  the  dextran 
hydrogel  on  the  sensor  surface  (Biacore  CM5  sensor  chip)  with  a  surface  den¬ 
sity  of  3,600  resonance  units  (RU).  Surface  plasmon  resonance  (SPR)  mea¬ 
surements  were  carried  out  under  a  continuous  flow  of  20  ml'1  min'1.  The 
surface  was  regenerated  to  remove  all  bound  analyte  among  binding  cycles 
using  a  mixture  of  organic  solvents  composed  of  dimethyl  sulfoxide 
(DMSO),  acetonitrile,  1 -butanol,  formamide,  and  ethanol,  each  at  0.2% 
(v/v)  concentration  in  water.  The  apparent  rate  constants  (k„n  and  k0ff)  and 
the  equilibrium-binding  constant  (KD)  for  the  receptor-peptide  binding 
interaction  were  estimated  from  the  kinetic  analysis  of  sensorgrams,  using 
the  BIA  evaluation  3.0  software  (Biacore  International  AB,  Uppsala,  Sweden). 

Cell  lines.  We  used  several  human  tumor  cells  expressing  variable  concen¬ 
trations  of  pl85HER2,nEU  receptors  all  ofwhich  we  characterized  for  pl85HER2,ne“ 
concentrations  by  flow  cytometric  analysis  and  quantitative  immunoprecipi- 
tation:  (a)  U87MG  cells  and  Jurkat  cells  (negligible  pl85HER2,ne“)  (b)  U373MG 
cells  expressing  low-moderate  pi 85HER2/ne“  (c)  SK-BR-3  and  T6-17  (NIH3T3 
cells  stably  transfected  with  p!85HER2,neu,  provided  by  J.  Pierce,  National 
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Cancer  Institute)  cells  (high  concentration  of  pl85HER2,ne").  NE91  murine 
fibroblasts  expressing  human  EGFR  have  been  described43.  These  cells  were 
cultured  and  maintained  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM) 
containing:  10%  fetal  bovine  serum  (FBS),  1%  L-glutamine,  and  1%  peni¬ 
cillin/streptomycin  at  37°C,  95%  humidity,  and  5%  C02. 

Cell  proliferation.  Proliferation  was  measured  by  standard  MTT  assay38. 
Cell  lines  were  plated  in  96-well  plates  (4,000  cells/well)  in  DMEM-10%  FBS 
with  indicated  amount  of  AHNP  or  irrelevant  CD4.M3,  and  were  incubated 
for  24  h.  Then  MTT  was  given  to  the  cells  for  4  h.  Cells  were  lysed  in  50% 
SDS-20%  DMSO  and  kept  at  37°C  overnight.  Proliferation  was  assessed  by 
taking  optical  density  readings  at  600  nm,  using  an  ELISA  reader.  The  num¬ 
ber  of  cells  used  in  these  assays  was  determined  to  be  within  the  linear  range 
for  this  cell  type. 

Anchorage-independent  growth.  For  the  focus  formation  assay,  101 2 3  T6-17 
cells  were  plated  with  2  x  103 5  NR6  cells  onto  a  60  mm  dish  in  DMEM  medium 
with  2%  FBS.  Media,  with  or  without  antibodies  or  mimetics,  were  changed 
every  three  days.  Fourteen  days  after  plating,  foci  were  scored  after  cells  were 
fixed  with  10%  formalin  and  stained  with  hematoxylin.  All  experiments  were 
done  in  triplicate  and  two  or  three  independent  studies  were  done.  The  next 
day,  colonies  were  counted  using  an  Alpha-imager  system  (Alpha  Innotech, 
San  Leandro,  CA)  for  automatic  counting.  Large  colonies  were  determined 
by  automatic  scaling  for  colonies  >3  mm2. 

Apoptosis  estimation  by  morphology  and  flow  cytometry.  For  morpho¬ 
logic  analysis,  30,000  cells  were  allowed  to  attach  to  coverslips  overnight  in 
six-well  plates.  Cells  were  incubated  with  25  |ig/ml  of  AHNP,  or  CD4.M3  (an 
irrelevant  peptide  mimetic  of  equivalent  molecular  mass)  for  24  h  before  y- 
irradiation.  y-Irradiation  (10  Gy)  was  applied  and  cells  were  incubated  at 
37°C  for  the  indicated  time  periods.  Nuclear  morphology  characteristic  of 
apoptosis  was  assessed  following  staining  with  DAPI  (4,6-diamidino-2- 
phenylindole)  at  the  following  time  points  after  irradiation:  1 2,  24, 48,  and  72 
h.  Statistical  significance  of  the  data  was  determined  using  Student’s  f-test,  as 
previously  used.  For  flow  cytometry  analysis,  200,000  cells  were  plated  onto 
six-well  dishes  and  allowed  to  attach  overnight.  Cells  were  then  incubated 
with  25  |Xg/ml  of  AHNP,  or  irrelevant  mimetic  CD4/M3,  for  2  h,  and  the  indi¬ 
cated  amount  of  doxorubicin  was  then  added. 

In  vivo  studies.  NCr  homozygous  athymic  (nude)  mice  (six  to  eight 
weeks-old)  were  purchased  from  the  National  Cancer  Institute.  An  aliquot  of 
2  x  106 7 8  T6-17  cells  were  suspended  in  200  pi  of  PBS  and  injected  subdermally 
in  the  right  thigh  of  each  animals.  Six  days  after  tumor  xenograft,  tumors 
reached  -200-230  mm3  in  volume.  Animals  were  regrouped  into  four  treat¬ 
ment  groups:  control,  AHNP  alone,  doxorubicin  alone,  and  AHNP  in  combi¬ 
nation  with  doxorubicin.  At  day  6  and  again  at  day  20,  100  pg  of  doxorubicin 
were  given.  Anti-HER  2/neu  peptide  was  administered  (200  pg)  intraperi- 
toneally  three  times  a  week  from  day  6  after  tumor  xenograft.  Animals  were 
maintained  in  accordance  with  guidelines  of  the  Institutional  Animal  Care 
and  Use  Committee  (IACUC)  of  the  University  of  Pennsylvania.  Tumor 
growth  was  monitored  three  times  weekly  for  four  weeks.  Tumor  volume  was 
calculated  by  the  formula:  tt/6  x  (larger  diameter)  x  (smaller  diameter)2. 
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